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i 
Abstract 
This thesis investigated the nature of parautochthonous and allochthonous 
impactites found in the erosional remnant of the central uplift of the Mistastin Lake 
impact structure, central Labrador. This was carried out with the goal of discovering 
details about the composition and formation conditions of these complex materials. This 
study involved fieldwork and a range of laboratory techniques. As part of this work, a 
geological map of Horseshoe Island has been created, and is the most detailed to date. 
The shock metamorphic features found in the uplifted target rocks have been assessed, 
and indicate a peak shock level of 5a (35-45 GPa). The erosion of the central uplift has 
been shown to be minimal; both through the observation of remnant impact melt on the 
island, and the shock features present. Field and microscopy observations suggest that 
impact breccias found on Horseshoe Island were dynamically emplaced into the 
surrounding target rocks.  
Small glass clasts found in the impact melt-bearing breccia, and impact melt rock 
from Horseshoe Island, are found to be derived predominantly from quartz monzonite 
with lesser anorthosite, giving this melt material a composition unique from other melts 
previously studied at the Mistastin structure. These results provide insight into the initial 
stratigraphy of the target area, indicating a body of quartz monzonite found 
stratigraphically below the anorthosite, and, in addition, demonstrates that the 
composition of the melts created by this impact event are more variable than previously 
thought. Detailed chemical mapping of the glass clasts has revealed their complex nature. 
The lithic fragments found entrained in the glass are derived from both quartz monzonite 
and anorthosite, and the concentrations of siderophile elements indicate a strong 
likelihood of a meteoritic component. The oxidation state of iron in two melt clasts was 
examined, and indicates that these melts have their origin as part of the melt sheet. 
 This investigation into the nature, diversity and heterogeneity of impactites in the 
central uplift of the Mistastin Lake impact structure, has contributed to our understanding 
of this structure and, by extension, other complex craters as well.  
 
 
 
 
ii 
Keywords 
Mistastin Lake, impact structure, complex crater, Horseshoe Island, central uplift, impact 
breccia, impact melt, melt clast, glass clast, shock metamorphic effects, planar 
deformation features, universal stage, diaplectic glass, X-ray fluorescence microscopy, 
absorption near edge structure spectroscopy 
 
 
 
iii 
Co-Authorship Statement 
For Chapter 4 entitled “Characterization of impact melt-bearing breccia dykes, 
impact glass clasts and impact melt rock from the central uplift of the Mistastin Lake 
impact structure” Marc Beauchamp collected microprobe data, and Mary Jane Walzak 
collected Raman data.   
For Chapter 5 entitled “Microscopic heterogeneity and Fe oxidation state in melt 
clasts found in impact melt-bearing breccia from Horseshoe Island, Mistastin Lake 
impact structure”, Dr. Matthew Ward collected, in consultation with Dr. Arthur Woll, all 
x-ray fluorescence microscopy and absorption near edge structure spectroscopy data used 
in this study. In addition, Dr. Ward contributed to the ‘Methodology’ section of the afore-
mentioned paper, and created Figure A2. Denis Vida assisted in data reduction by fitting 
two Gaussian distributions to the pre-edge features of XRF data, contributed an 
explanation of the method used for inclusion in the ‘Methodology’ section, and captured 
the images used in Figure 5.6. Also Marc Beauchamp collected a portion of the 
microprobe data used in this chapter. 
Dr. Richard Grieve and Dr. Gordon Osinski assisted in editing all portions of this 
thesis. 
 
 
 
iv 
Acknowledgements  
I would like to thank the Canadian Space Agency and the Northern Scientific 
Training Program for their funding of this project. Thank you to the Cornell High Energy 
Synchrotron Source (CHESS) and the Advanced Photon Source (APS) for allocating 
beamtime for microscopy and spectroscopy measurements. CHESS is supported by the 
NSF award DMR-1332208, and the APS is funded by the Department of Energy (DOE) 
under Contract No. DE-AC02-06CH11357.  
I would like to thank Dr. Gordon Osinski for his invaluable and brilliant guidance 
throughout this project, and Dr. Richard Grieve for his insights and assistance editing my 
writing. Thank you to my partners in the field Dr. Kate Souders and Chris Shaver for 
their knowledgeable companionship, and Dr. Matthew Ward, Marc Beauchamp and Mary 
Jane Walzak for collecting data used in this thesis. Thanks to Cassandra Beauchamp, Eric 
Pilles, and Dr. Matthew Ward for helping me to navigate various computer programs. 
Also Dr. Haley Sapers, Dr. Annemarie Pickersgill, Dr. Marianne Mader, Dr. Melissa 
Battler and Auriol Rae for their insights and helpful discussions.  
Thank you to my best friends, Talitha LeBlanc and Megan Watson, for their 
never-ending encouragement. Thank you to my family, who are the most enthusiastic 
supporters a person could ever hope for. To Mom, for imparting to me her own love of 
learning, teaching me to work hard and showing me I could accomplish difficult and 
awesome things, and for supporting me every step along the way. To Aubrey, my dear 
sister, partner in magical mischief, and best friend, you’ve always had my back. Also 
Brent who brings the puns and Ava who makes me smile, thank you both for giving me 
joy. Special thanks to Matt, Skylyn and Eleanor, you are my world and without you this 
would not have been possible! 
 
 
 
 
 
 
 
v 
 
Dedicated to Matt, Skylyn and Eleanor 
Matt you are my rock, you have always given me sure footing when I’m in 
doubt. Skylyn and Eleanor you are my stars, you keep me looking up even 
(especially) on the darkest nights.  
This is for you my loves! 
 
 
 
If you want to go fast, go alone. If you want to go far, go together. 
~ African Proverb 
 
 
 
 
vi 
 
Table of Contents 
 
Abstract	........................................................................................................................................	i	
Keywords	...................................................................................................................................	ii	
Co-Authorship	Statement	....................................................................................................	iii	
Acknowledgements	...............................................................................................................	iv	
Dedication…………………………………………………………………………………..…………………..v	
Table	of	Contents	....................................................................................................................	vi	
List	of	Tables	............................................................................................................................	ix	
List	of	Figures	.........................................................................................................................	xii	
List	of	Appendices	................................................................................................................	xxi	
Chapter	1	....................................................................................................................................	1	
1	 Introduction	.......................................................................................................................	1	
1.1	 References	................................................................................................................................	5	
Chapter	2	....................................................................................................................................	9	
2	 Literature	Review	.............................................................................................................	9	
2.1	 The	Mistastin	Lake	Impact	Structure	..............................................................................	9	
2.2	 Crater	Morphology	and	Formation	................................................................................	14	
2.3	 Allochthonous	Impactites	.................................................................................................	21	
2.3.1	 Impactites	at	the	Mistastin	Lake	impact	structure	........................................................	23	
2.4	 Identification	of	Meteoritic	Components	.....................................................................	25	
2.5	 Shock	Metamorphic	Features	and	the	Universal	Stage	...........................................	27	
2.5.1	 Peak	Pressures	and	Shock	Attenuation	...............................................................................	30	
2.6	 References	..............................................................................................................................	33	
 
 
 
vii 
Chapter	3	..................................................................................................................................	48	
3	 Geology	of	Horseshoe	Island,	the	central	uplift	of	the	Mistastin	Lake	impact	
structure,	Labrador,	Canada	..............................................................................................	48	
3.1	 Introduction	..........................................................................................................................	48	
3.2	 Geological	Setting	................................................................................................................	49	
3.3	 Methodology	..........................................................................................................................	50	
3.4	 Results	.....................................................................................................................................	51	
3.4.1	 Parautochthonous	Target	Rocks	............................................................................................	51	
3.4.2	 Shock	Metamorphic	Features	..................................................................................................	55	
3.4.3	 Impact	Melt	Rock	and	Impact	Melt-Bearing	Breccia	Dykes	.......................................	60	
3.5	 Discussion	..............................................................................................................................	64	
3.5.1	 Shock	Metamorphic	Features	..................................................................................................	64	
3.5.2	 Shock	Level	and	Erosion	............................................................................................................	69	
3.6	 Summary	and	Conclusions	...............................................................................................	70	
3.7	 References	..............................................................................................................................	72	
Chapter	4	..................................................................................................................................	78	
4	 Characterization	of	impact	melt-bearing	breccia	dykes,	impact	glass	clasts	
and	impact	melt	rock	from	the	central	uplift	of	the	Mistastin	Lake	impact	
structure,	Labrador,	Canada	..............................................................................................	78	
4.1	 Introduction	..........................................................................................................................	78	
4.2	 Geological	Settings	..............................................................................................................	80	
4.3	 Methodology	..........................................................................................................................	82	
4.4	 Results	.....................................................................................................................................	83	
4.4.1	 Field	Observations	.......................................................................................................................	83	
4.4.2	 Optical	and	Microprobe	Observations	and	Analyses	....................................................	88	
4.5	 Discussion	..............................................................................................................................	95	
4.6	 Summary	and	Conclusions	............................................................................................	107	
4.7	 References	...........................................................................................................................	108	
Chapter	5	...............................................................................................................................	112	
 
 
 
viii 
5	 Microscopic	heterogeneity	and	Fe	oxidation	state	in	melt	clasts	in	impact	
melt-bearing	breccia	from	Horseshoe	Island,	Mistastin	Lake	impact	structure
	 112	
5.1	 Introduction	.......................................................................................................................	112	
5.2	 Geological	Setting	.............................................................................................................	114	
5.3	 Methodology	.......................................................................................................................	116	
5.3.1	 Data	Reduction	.............................................................................................................................	118	
5.4	 Results	and	Interpretations	..........................................................................................	119	
5.4.1	 Nature	of	Internal	Variations	and	Entrained	Fragments	..........................................	120	
5.4.2	 Siderophile	Elements	and	the	Possibility	of	a	Meteoritic	Component	................	125	
5.4.3	 The	Oxidation	State	of	Iron	and	implications	for	Impact	Glass	Clast	Formation
	 128	
5.5	 Conclusion	...........................................................................................................................	136	
5.6	 References	...........................................................................................................................	138	
Chapter	6	...............................................................................................................................	144	
6	 Thesis	Discussion	and	Conclusion	.........................................................................	144	
6.1	 Conclusions	and	General	Discussion	..........................................................................	144	
6.2	 Future	Work	.......................................................................................................................	148	
6.3	 References	...........................................................................................................................	150	
Appendix	1	............................................................................................................................	153	
Appendix	2	............................................................................................................................	200	
Micro	X-ray	Fluorescence	(µXRF)	Microscopy	..............................................................................	200	
X-ray	Absorption	Near	Edge	Structure	(XANES)	..........................................................................	202	
Curriculum	Vitae	................................................................................................................	203	
 
 
 
 
 
 
 
 
ix 
List of Tables  
Table 3.1. Summary of the shock effects in quartz and feldspar, which are used to 
indicate shock levels in the host rocks found in the central uplift of the Mistastin Lake 
impact structure.………………………………………………………………………….66 
 
Table 3.2. Comparison of five complex/peak ring craters in crystalline targets.……..…70 
 
Table 4.1. Summary of field observations made at six breccia dykes found along the 
western edge of Horseshoe Island.………………………………………………………86 
 
Table 4.2. Table 4.2. Summary of electron microprobe data collected from glass clasts 
from four locations. Matrix values are an average of 4 to 40 spots per clast. Fragments-in 
analysis values are an average of 20 to 40 spots per clast. Values are shown in wt%. Low 
are likely due to alteration of the entrained fragments. Raw data is found in Tables A2 
and A3…………………………………...…………………………………………….…94 
 
Table 4.3. Target rock compositions used for mixing models presented in Tables 4.4 and 
4.5 below. Data from Marion and Sylvester (2010).………………….…………………96 
 
Table 4.4. Bulk chemical composition and the results of mixing model calculations for 
eight glass clasts from four samples. Normalized average compositions for each sample 
are shown, as well as a total average value. A mixing model was applied to each sample 
individually, and also to the bulk average. These results represent the most likely bulk 
compositions of the glass clasts, and are represented as percent values.………..…100-101 
 
Table 4.5. Chemical composition and the results of mixing model calculations for the 
matrix of eleven glass clasts from four samples. Normalized average compositions for 
each sample are shown, as well as a total average value. A mixing model was applied to 
each sample individually, and also to the bulk average. These results represent the most 
likely compositions of the matrix portion of the glass clasts, and are represented as 
 
 
 
x 
percent values………………………………………………………………………..….102 
 
Table 4.6. Average chemical composition and the results of mixing model calculations 
for melt rock from Horseshoe Island. Average was calculated from fifteen regions in the 
melt rock. A mixing model was applied to this bulk average. This result represent the 
most likely composition of this melt rock, and is represented as a percent value……...104 
 
Table 5.1.  Average compositions for the matrix of two glass clasts calculated using forty 
spots per clast, and the standard deviations for each data set………………………..…121 
 
Table 5.2. Average microprobe results from internal features of clast MHI10-58-D. 
Matrix values represent the average of forty spot analyses, fragment values are an 
average of spot analysis from nine fragments, region values are the average of ten spot 
analyses per region. Represented as mass %...................................................................122 
 
Table 5.3. Concentrations of siderophile elements in eight glass clasts from four samples 
compared to the concentrations in the target rocks. Observe the difference in Cr 
concentrations between the target rock, breccia and the glass clasts. Concentrations 
detected but below 70 ppm are listed as “trace”. Target rock data may be found in Marion 
and Sylvester (2010). Units are shown as ppm unless otherwise indicated…………….126 
 
Table 5.4: Pre-edge peak features of the Fe K-edge XANES spectra………………….135 
 
Table A1. List of sites visited on Horseshoe Island, with corresponding samples numbers, 
lithologies, and UTM coordinates.…………………………………………………..…153 
 
Table A2. The results from microprobe spot analyses from the matrix of eleven impact 
glass clasts. The operating conditions were 15 kV, beam current of 20 nA, beam size of 5 
µm and a counting time of 20 seconds. Values shown in wt%…………………………157 
 
 
 
 
xi 
Table A3. The results from microprobe spot analyses from six impact glass clasts. The 
operating conditions were 15 kV, beam current of 20 nA, beam size of 20 µm and a 
counting time of 30 seconds. Values shown in wt%.…………………………………..160 
 
Table A4. EDS analysis of 15 regions of melt rock from Horseshoe Island. Values shown 
in wt%.………………………………………………………………………………….166 
 
Table A5. Microprobe spot analyses results collected from fragments entrained in five 
clasts (MHI10-56-1-c1 and c6, MHI10-58-cD, MHI10-58-1-c4 and MHI10-60-1-c2). The 
operating conditions were 15 kV, beam current of 20 nA, beam size of 20µm and a 
counting time of 30 seconds. Results are shown in wt%.………………………………167 
 
Table A6. XANES data from six ROIs in, and around, clast MHI10-56-2-c1. Absorbance 
values are shown in arbitrary units.…………………………………………………….170 
 
Table A7. Derivative XANES data for five ROIs in clast MHI10-56-2-c1. Absorbance 
values are shown in arbitrary units.…………………………………………………….175 
 
Table A8. XANES data from spots 1-7, which are ROIs in, and around, clast MHI10-56-
1-c1. Absorbance values are shown in arbitrary units.…………………………………180 
 
Table A9. XANES data from spots 8-13, which are ROIs in, and around, clast MHI10-
56-1-c1. Absorbance values are shown in arbitrary units.…………………………...…185 
 
Table A10. Derivative XANES data for from spots 1-7, which are ROIs in, and around, 
clast MHI10-56-1-c1. Absorbance values are shown in arbitrary units.………...……..190 
 
Table A11. Derivative XANES data for from spots 8-13, which are ROIs in, and around, 
clast MHI10-56-1 c1. Absorbance values are shown in arbitrary units.….…………….195 
 
 
 
 
 
xii 
List of Figures 
Figure 2.1. Map of Newfoundland and Labrador showing the location of the Mistastin 
Lake impact structure with an inset of a satellite view of the crater. (Provincial map from 
https://geology.com/canada/newfoundland-and-labrador.shtml. Inset from Google 
Earth)………………………………………………………………………..….………..10 
 
Figure 2.2. a) Geological map of the Mistastin Lake impact structure from Mader and 
Osinski (2018), adapted from Emslie et al. (1980) and Marion (2009). Inset regional 
geology map is adapted from Currie (1971). ………………………..…………………..11 
 
Figure 2.3. Side by side comparison of appearance of quartz monzonite (left) and 
anorthosite (right). a and b) Outcrop scale photos. c and d) Outcrop, small scale (scale 
card is in centimetres). e and f) Hand samples. Note the highly weathered nature of the 
monzonite and the pinkish/orange colour, which is a result of the potassium feldspar 
component, whereas the anorthosite is primarily gray and consists of large crystals of 
plagioclase feldspar. ……………………………………………………………………..12 
 
Figure 2.4. The appearance of the two target rock types found on Horseshoe Island in thin 
section. a) quartz monzonite, with grains of plagioclase and orthoclase feldspar, quartz 
and orthopyroxene. b) anorthosite, consisting of primarily plagioclase. Note the high 
degree of irregular fractures, which transect grain boundaries. (Scale bars are 500 µm, 
cross-polarized light).……………..……………………………………………………..13 
 
Figure 2.5. Schematic diagrams showing the various stages of simple vs. complex crater 
formation. Time steps “a” to “c” are labeled with arrows on the modification stage 
section. (a) The gravitational collapse of crater walls and central uplift results in generally 
inwards movement of material. (b) Later, melt and clasts flow off the central uplift. (c) 
Then, there is continued movement of melt and clasts outwards once crater wall collapse 
has largely ceased. From Osinski et al. (2018). .……...……………………………...16-17 
 
 
 
 
xiii 
Figure 3.1. New geological map of Horseshoe Island at the Mistastin impact structure. 
This map shows the two main rock units, quartz monzonite and anorthosite. Darkly 
shaded areas indicate exposed outcrops. Over a hundred outcrops were investigated, 
some of which are too small to be visible on this map at this scale. Arrows indicate the 
six locations of impact melt-bearing breccia found along the coast with a seventh 
occurrence located with the melt rock. Dots indicate the origin locations for samples, 
with coloured dots showing where shock metamorphic features have been evaluated….52 
 
Figure 3.2. Images of the outcrop that shows the contact between the two rock units 
quartz monzonite and anorthosite at site 92. Red line shows the contact with anorthosite 
in the upper left of the image and monzonite in the lower right. 18 cm field notebook for 
scale………………………………………………………………………………………54 
 
Figure 3.3. Examples of shock metamorphic and other optical features found in the target 
rocks in Horseshoe Island a) Movement along shock induced fractures. b) Three sets of 
PDFs (orientations indicated by red lines) in a quartz grain found in quartz monzonite 
from sample MHI10-36. c) Three sets of PDFs (orientations indicated by red lines) and 
toasting in a quartz grain found in a sample of quartz monzonite from sample MHI10-36 
(scale 200 µm). d) Conversion of half of a plagioclase feldspar grain into diaplectic glass 
in sample MHI10-27. e) Grain of diaplectic glass in sample MHI10-27. Scale bars are 
500 µm and images are collected using cross-polarized light unless otherwise 
indicated..………………………………………………...………………………………56 
 
Figure 3.4. The orientations of PDF sets found in six samples presented as frequency 
percent of the indexed planes for each specific crystallographic plane. Approximately 
10% of measured planes were unindexed. All data was processed using a 5° range of 
angular error. In the case of overlapping indices {1013} and {1014}, orientations are 
counted as the 1013  orientation. Locations for these samples can be found in Figure 
3.1..………………………………………………………………………………………57 
 
 
 
 
xiv 
Figure 3.5. The orientations of PDF sets found in three samples of impact melt-bearing 
breccia. Presented as frequency percent of indexed planes for each specific 
crystallographic plane. Three thin sections from each sample were examined to increase 
the number of quartz grains included in this data set. Approximately 10% of the sets 
measured were unindexed planes. All data was processed using a 5° range of angular 
error. In the case of the overlapping indices for {1013} and {1014}, orientations are 
counted as {1013}.…………………………………………………………………….…58 
 
Figure 3.6. Raman spectra of moderately shocked plagioclase feldspar (top) and 
diaplectic feldspar glass, sometimes referred to as maskelynite, (bottom) in sample 
MHI10-28, collected on Bullseye Island. Note the intense band broadening that 
accompanies the transition to maskelynite. Intensity of the maskelynite peaks have been 
exaggerated for the purposes of comparison, and are, in reality, approximately 1/10 of the 
intensity of the shocked feldspar…………………………………………………………59 
 
Figure 3.7. Field photos of impact melt rock and breccia outcrops at site 43, near the 
centre of Horseshoe Island. a) A portion of the melt rock outcrop (18 cm field notebook 
for scale). b) Close up view of the melt material (scale card is in centimetres). c) A 
portion of the breccia, found below the melt unit. d) A closer view of the breccia (scale 
card is in centimetres). e) Melt rock in thin section when viewed with an optical 
microscope (scale bar 500 µm, cross-polarized light). f) A fragment of feldspar included 
in the melt (scale bar 100 µm, cross-polarized light)..……………………..…………….61 
 
Figure 3.8. Example of the impact melt-bearing breccia dyke. a) impact melt-bearing 
breccia dykes outcrop at site 67 with apparent flow sorting of larger fragments in the 
center of the dyke (red arrow). Contact with the host quartz monzonite indicated by 
yellow lines. b) An example of evidence of flow in the material from site 73 with a cm 
scale card. …………………………………………………..………………………...…62 
 
Figure 3.9. Top: optical images of the impact melt-bearing breccia in thin section when 
viewed with an optical microscope (scale bars are 500 µm). Bottom: BSE images of the 
 
 
 
xv 
impact melt-bearing breccia (scale bars are 500 µm). Material consists mainly of feldspar 
fragments with a very fine-grained matrix.………………………………………………63 
 
Figure 3.10. Examples of impact glass clasts found in the impact melt-bearing breccia 
from sample MHI10-58 collected at site 70. Note the elongated vesicles in b. Images are 
taken in plane-polarized light, scale bars are 500µm…………..…………………...……64 
 
Figure 4.1. Map of Horseshoe Island modified from Chapter 3. Arrows indicate locations 
where melt-bearing breccias are found on Horseshoe Island. The sites correspond to the 
following sample numbers: site 43 – Sample MHI10-39, site 67 – sample MHI10-56, site 
70 – sample MHI10-58, site 71 - MHI10-59, site 73 – sample MHI10-60…...…………80 
 
Figure 4.2. Field photos from site 43. a and b) Melt rock, sample MHI10-38. c and d) 
Impact breccia. e and f) Quartz monzonite. This is the only known occurrence of melt 
rock on Horseshoe Island and it appears that at this location the breccia exists as a layer 
rather than as dyke. Scale card is in centimetres………………………………………...85 
 
Figure 4.3. The six impact melt-bearing breccia dykes found along the western coast of 
Horseshoe Island. Contacts between target rock and breccia dykes are indicated by 
yellow lines.  a) Site 67 and in with sorting apparent in the centre of the dyke. b) The 
second dyke found at site 67. c) Site 70. d) Site 71a. e) Site 79 where only top contact of 
dyke can be seen, with standard rock hammer for scale. f) Site 73……………………...87 
 
Figure 4.4. Physical characteristics of impact breccia dykes. a) The top contact between 
the breccia and the host quartz monzonite at site 71. b) The top contact between the 
breccia and the host monzonite at site 73. c and d) Elongated melt textures seen in the 
breccia at site 79. Scale card is in centimetres…………………………………………...88 
 
Figure 4.5. Optical microscope images of impact melt bearing breccia. The majority of 
the fragments are plagioclase and orthoclase feldspar with some fragments of quartz, 
biotite, pyroxene, and olivine. a) Sample MHI10-39, scale bar 500µm. b) MHI10-56, 
 
 
 
xvi 
scale bar 500µm. c) MHI10-43 with quartz grain containing PDF sets indicated by red 
arrow, scale bar 200µm. d) MHI10-60, scale bar 500µm. The image in frame ‘a’ was 
taken in plane-polarized light and all others were taken using cross-polarized light……90 
 
Figure 4.6. BSE images of examples of the two types of melt clasts found in the breccia 
at Horseshoe Island. a and b) Examples of glass clasts. a) Glass clast MHI10-58 cD 
displaying vesicular texture with stretched vesicles (orange arrows) and elongated lithic 
fragments (yellow arrows), scale bar 400µm. b) Glass clast MHI10-58 F with some 
vesicles (orange arrows) and small lithic clasts derived from the target rock (yellow 
arrows), 200µm. c and d) (Samples MHI10-39a and MHI10-56a respectively) Examples 
of deformed lithic fragments, both clearly show a differentiated texture and a lack of 
vesicles, scale bars 400µm. Clasts are outlined in red to help define the clast 
boundaries………………………………………………………………………………..91  
 
Figure 4.7. Element maps for various elements collected using an electron microprobe 
from one glass clast (melt clast type 1) and one deformed lithic fragment (melt clast type 
2).………………………………………………………………..…………………….…92 
 
Figure 4.8. BSE image of clast 56-2-c1 which shows a layer of clast rich melt rock and a 
layer of ploymict breccia. Scale bar is 1mm.………..………………………………..….92 
 
Figure 4.9. BSE images of the eleven glass clasts from which microprobe data was 
collected. a) 39-1-c2. b) 56-1-c1. c) 56-1-c6. d) 56-2-c5. e) 58-1-c3. f) 58-1-c4. g) 58-1-
c7. h) 58-2-c1. i) 58-2-c3. j) 58-2-c4. k) 60-1-c2. Clast 58-cD not shown. Scale bars are 
500 µm…………………………………….……………………………..………………93 
 
Figure 4.10. Classic principal components analysis plot for the composition of impact 
glass clasts including a portion of the entrained lithic fragments, plotted with the main 
target rocks found at the Mistastin structure and with average bulk melt rock values 
calculated by Marion and Sylvester (2010). Impact melt rock and target rock values may 
be found in Marion and Sylvester (2010)………………………………………………..97  
 
 
 
xvii 
Figure 4.11. Classic principal components analysis plot for the matrix portion of impact 
glass clasts, plotted with the main target rocks found at the Mistastin structure, melt rock 
from Horseshoe Island and values calculated by Marion and Sylvester (2010) for the 
matrix of the impact melt rock found around Mistastin Lake. Impact melt rock and target 
rock values may be found in Marion and Sylvester (2010)…………………………...…98  
 
Figure 4.12. Simplified geological map of Mistastin Lake and the surrounding area 
modified from Currie 1971, showing the three main rock units. Dots indicate locations 
where impact melt has been analyzed for this study, or by Marion and Sylvester 2010. Pie 
charts show the relative contributions of each target rock to the matrix of the impact melt 
at each location. Note the significantly greater proportion of quartz monzonite and the 
lack of granodiorite in melts collected on Horseshoe Island relative to the locations 
surrounding the lake.………………………………………………………..……….….105 
 
Figure 4.13. Cross section depicting one possible configuration of the subsurface geology 
at the time of impact, which would account for the unique impact melt composition found 
on Horseshoe Island, compared to previously sampled locations around the impact 
structure………………………………………………………...…………………….…106 
 
Figure 5.1 Map of Horseshoe Island modified from Chapter 3. Arrows indicate locations 
where the melt-bearing breccias used for this portion of the study are found……..…...115 
 
Figure 5.2. BSE images of clasts analyzed in this study. a) MHI10-39-1-c2. b) MHI10-
56-1-c1. c) MHI10-56-1-c6. d) MHI10-56-2-c1. e) MHI10-56-2-c5. f) MHI10-56-2-c2. 
g) MHI10-58 cD. h) MHI10-58-1-c1. i) MHI10-58-1-c3. j) MHI10-58-1-c4. k) MHI10-
58-1-c6. l) MHI10-60-1-c2. No image of 58-1-c8. Scale bars are 500 µm. b and d are the 
two clasts used for the XANES potion of this study………...............…………………117 
 
Figure 5.3. a) The pre-edge portion of a XANES spectra before (solid line) and after 
(dotted line) background subtraction. b) Fit of the pre-edge peak using two Gaussian 
curves to find the centroid energy (vertical dashed line) and the integrated intensity…119 
 
 
 
xviii 
 
Figure 5.4. BSE image of glass clast MHI10-58-D. Locations of spot analysis of 
fragments that seem to be deformed with the melt indicated by yellow dots. Regions of 
variable composition outlined in orange. Black portions are vesicles. Scale bar is 
500µm………………………………………………………………………………..…122 
 
Figure 5.5. Spot analyses were carried out on various fragments entrained in five glass 
clasts. a) MHI10-56-1-c1. b) MHI10-56-1-c6. c) MHI10-58-c4. d) MHI10-60-1-c2 and 
MHI10-58-cD shown in Figure 5.4 above. The resulting data allows for the mineralogy 
of each point to be assigned. The fragments are colour coded as follows: yellow – 
feldspar altered to a hydrated silicate mineral, blue – plagioclase feldspar, red – quartz, 
pink – orthoclase feldspar, orange – combination of plagioclase and orthoclase feldspar 
and sometime quartz. Scale bars are 500 µm…………………………………………...124 
 
Figure 5.6. Regions of interest in clast MHI10-56-2-c1 from which XANES spectra were 
extracted. Region 3 is an iron rich spot outside of the clast and region 4 is the host 
breccia. Regions 3 and 4 are not within the field of view. Region 6 is an iron rich 
fragment within the clast. Scale bar is 500 µm…………………………………………129 
 
Figure 5.7. Regions of interest in clast MHI10-56-1-c1 from which XANES spectra were 
extracted. Region 11 in the spectra is outside the field of view. Note that this is not a 
“clean” analysis as small lithic fragments entrained in the clast are included in the 
analyzed regions. This is acceptable due to the qualitative nature of this study. Scale bar 
is 500 µm………………………………………………………………………………..130 
 
Figure 5.8. Red lines are spectra from ROIs within the clast and blue lines are from ROIs 
outside of the clasts. Yellow line is an iron rich fragment within the clast. Dotted lines 
show the data presented by Berry et al. (2008) showing various Fe3+/ΣFe ratios. a) 
XANES pre-edge region at the peaks corresponding to 1sè3d transitions in six ROIs in 
clast MHI10-56-2-c1 (regions seen in Figure 5.6). b) XANES main absorption edge 
spectra from six ROIs in, and around, clast MHI10-56-2-c1. Spots 1, 2 and 5 (red) were 
 
 
 
xix 
collected in the clast, spots 3 and 4 (blue) are from outside of the clast, and spot 6 
(yellow) is an iron rich fragment within the clast. The main absorption edge of clast 
exhibits a spectral profile that most closely resembles Berry et al. (2008) XANES spectra 
with a Fe3+/ΣFe ratio of 0.21. The regions from outside the clast (spots 3 and 4) exhibit 
intense, discrete, peaks in the main absorption edge at higher E. These features are not 
observed in any of the melt data because the material outside the clast are discrete iron-
bearing minerals containing distinct phases of Fe (the coordinate geometries of Fe2+ and 
Fe3+ are not well characterized in silicate melts or glasses), and thus these points can not 
be compared directly to the Berry et al (2008) data. (Note that peaks labeled as 1sè4s 
transitions are named as such to be consistent with the literature, however, these are 
likely 1sè4p shake-down transitions). Raw data may be found in Table A6. Electronvolts 
(eV) are shown on the horizontal axis……………………………………………...…..132  
 
Figure 5.9. a) XANES pre-edge region at the peaks corresponding to 1sè3d transitions in 
eight ROIs in clast MHI10-56-1-c1 and four from outside the clast (regions seen in 
Figure 5.7). b) XANES main absorption edge spectra from twelve ROIs in, and around, 
clast MHI10-56-1-c1. Red lines show spots within the clast and blue are spots outside of 
the clasts. Dotted lines show the data presented by Berry et al. (2008) showing various 
Fe3+/ΣFe ratios. Raw data may be found in Tables A8 and A9. Electronvolts (eV) are 
shown on the horizontal axis…………………………………………………………....133 
 
Figure 5.10. Variogram for iron in two impact melt fragments and the host breccia. 
Yellow circles represent the regions collected within the glass clast (MHI56-1-c1), the 
green diamonds are regions collected within the melt rock fragment (MHI56-2-c1), the 
red triangle denotes the iron rich spot in the lithic fragment and blue squares represent 
various regions collected form the host breccia. Shaded areas are from Giuli et al. (2002) 
and represent the positions of model compounds of various coordination states………135 
 
Figure A1. µXRF iron concentration maps of the five thin sections mapped for this study. 
a) MHI10-39. b) MHI10-56-1. c) MHI10-56-2. d) MHI10-58-1. e) MHI10-60. From 
these data sets smaller areas can be selected and further examined.…………………...201 
 
 
 
xx 
Figure A2. Shows the process involved in producing each XANES map. In this case a 
µXRF map is taken at each energy point from 7.05 keV to 7.3 keV and the resultant 
µXRF maps are then combined into a XANES image stack. This figure shows several of 
the maps collected at different x-ray energies, which were used to produce the resultant 
XANES image stack for clast MHI10-56-2-c1.……………………………………...…202 
 
 
 
xxi 
List of Appendices 
Appendix 1……………………………………………………………..……………….153 
 
Appendix 2…………………………………………………………...…………………200 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
Chapter 1 
1 Introduction 
Meteorite impact events have been a fundamental geological process on the majority 
of solid planetary bodies in the solar system. They generate pressures and temperatures that 
may reach several hundred gigapascals (GPa) and several thousand Kelvin (K) over very 
limited temporal scales, resulting in a unique environment in which distinctive features are 
created (e.g., Stöffler 1971; Langenhorst 2002; Grieve and Therriault 2004). These extreme 
conditions result in vaporization, melting and brecciation of the target rock, the creation of 
shock metamorphic features (e.g., French 1998; Therriault et al. 2002), and the formation of 
impact structures (e.g., Dence 1965; Melosh and Ivanov 1999; Langenhorst 2002). Complex 
impact structures and their central uplifts are created when an impact occurs, and the 
resulting crater is above a certain size threshold. In such cases, the transient cavity is unstable 
and undergoes modification by gravitational forces, resulting in collapsed and terraced rims 
and a central uplift (e.g., Melosh and Ivanov 1999; Grieve and Therriault 2004). Though 
these features have been observed in nature, the mechanisms involved in their formation are 
not well understood. Mapping and exploration of impact structures, specifically the central 
uplifts of complex structures, provides insight into the conditions involved in crater 
formation. The Mistastin Lake impact structure is an example of a complex impact structure, 
with the remnants of the central uplift existing as two islands, Horseshoe and Bullseye, in the 
centre of Mistastin Lake (e.g., Taylor and Dence 1969; Dence 1972; Grieve 1975; Marchand 
and Crocket 1977; Marion and Sylvester 2010; Pickersgill et al. 2015; Mader and Osinski 
2018).  
Parautochthonous impactites and shock metamorphic features have been found at the 
Mistastin Lake impact structure in a variety of locations (Taylor and Dence 1969; Grieve 
1975; Marchand and Crocket 1977; Marion and Sylvester 2010; Pickersgill et al. 2015; 
Mader and Osinski 2018). Identification of shock metamorphic features preserved in 
impacted materials can indicate the pressures that the target rocks were subjected to during 
the impact, and provides insight into individual cratering events. On Horseshoe and Bullseye 
Islands, a variety of these features have been noted including planar deformation features 
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(PDFs) in quartz, and diaplectic feldspar glass. PDFs are the most informative shock 
metamorphic features, and form between pressures of 10 to 35 GPa (e.g., Stöffler and 
Langenhorst 1994; French 1998; Therriault et al. 2002). The most distinctive characteristic of 
PDFs is that they are oriented parallel to specific crystallographic planes within the quartz 
lattice dependent on the shock pressure the material is subjected (e.g., Hörz 1968; Huffman 
and Reimold 1996; French 1998; Ferrière et al. 2009).   
A large portion of melt rock is one of the impact products in complex crater 
formation. When melt is first created by an impact event, it forms in a semi-hemispherical 
zone at the centre of the target, and the composition of the melt is dictated by the target rocks 
found within that zone. Historically, the impact melt bodies created by an impact have been 
considered to be homogeneous down to the cubic millimetre size. This is true in the case of 
some structures (e.g., Manicouagan), but large-scale studies have since shown that there can 
be variations in the melt across an impact structure, which would indicate that the degree of 
mixing varies from structure to structure. The Wanapitei impact structure, Canada (Grieve 
and Ber 1994), and the Popigai structure, Russia (Kettrup et al. 2003) are examples of 
structures where the chemical composition of the impact melt rock varies between locations, 
suggesting incomplete mixing of melts on a large scale.  
Once the melt body begins to move away from the centre, it can incorporate 
fragments of the material over which it flows. Depending on the local geology, addition of 
this material modifies the composition of the melt, and can contribute to the heterogeneity 
seen in some melt sheets such as Mistastin (Grieve 1975; Marion and Sylvester 2010). It has 
been suggested that the final composition of the melt at a given location within the structure 
can vary due to numerous conditions, including size of the impact and the thickness of the 
melt sheet. To evaluate this possibility at the Mistastin Structure, Marion and Sylvester 
(2010) conducted analyses of the bulk composition of the impact melt rock (including 
entrained fragments), and also on the matrix of the impact melt rock by avoiding entrained 
fragments. They found that the matrix of the impact melt at Mistastin formed from 73% 
anorthosite, 7% quartz monzonite and 20% granodiorite. It is widely accepted that on a 
microscopic scale impact glasses can have a relatively high degree of compositional 
heterogeneity (e.g., Grieve 1975; Marion and Sylvester 2010; Osinski et al. 2018 and 
references therein).  
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Melt-bearing impact breccias are another common allochthonous impactite, and are 
well known to occur, in addition to other settings, as dykes in the target rocks of the crater 
floor (e.g., Pohl et al. 1977, Lambert 1981, Dressler and Sharpton 1997; French 1998; 
Therriault et al. 2002). Dressler and Sharpton (1997) and Pohl et al. (1977) both report 
breccia dykes at impact structures, which they believe were injected during the early stages 
of crater formation. Pohl et al. (1977) suggests that this type of dyke is formed when 
displaced material fills open fractures after megablocks are created. A number of studies 
have been done to examine the physical characteristics and timing of this material at the 
Mistastin structure. Mader and Osinski (2018) present a thorough overview of the impactites 
found at Mistastin, with the exception of those found on Horseshoe Island, including 
descriptions of breccias with a variety of melt content in dyke-like intrusions into 
metamorphosed basement rocks. At the Mistastin structure breccias also occur underlying 
coherent impact melt rocks (e.g., Marion and Sylvester 2010; Mader and Osinski 2018).  
Impact breccias have several possible emplacement mechanisms. Determining the 
Fe3+/ΣFe ratio for an impactite can provide insight into the redox conditions (or oxygen 
fugacity, fO2) under which it was formed. Details about the origin of a melt can be inferred to 
some degree using the oxidation state, which also influences the physical and chemical 
properties of the melt, such as viscosity and melt structure, and the temperature and 
composition of crystallizing phases (e.g., Osborn 1959; Carmichael and Ghiorso 1990; 
Carmichael 1991; Mysen 1991; Giuli et al. 2002, 2005, 2008; Berry et al. 2003; Knipping et 
al 2015).  
In Chapter 3 we provide a detailed map of Horseshoe Island, as well as descriptions 
of the target rock units and various occurrences of allochthonous impactites. In addition, we 
examine and describe the shock metamorphic features found on Horseshoe and Bullseye 
Island, use these features to assign a peak shock level to the impacted materials of the central 
uplift, and compare these results to other similar structures. In Chapter 4 we examine the 
melt clasts found in impact melt-bearing breccia dykes, as well as melt rock found on 
Horseshoe Island. Through the use of optical petrography, scanning electron microscopy 
(SEM) and electron microprobe analyses we assess the characteristics of these clasts and 
compare their composition to that of other impact melt rocks from other parts of the 
Mistastin structure. We use the results to interpret the origins of this material as well as the 
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formation and original stratigraphy of the structure. In Chapter 5 we use electron microprobe 
analyses and synchrotron radiation microscopy to discover the degree and nature of any 
internal heterogeneity in the melt clasts. In addition we examine the oxidation state of Fe in 
these materials and use the results to assess their formation history. Overall this study aims to 
increase our understanding of the geology and formation of the impactites found in the 
central uplift of the Mistastin Lake impact structure. 
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Chapter 2 
2 Literature Review  
2.1 The Mistastin Lake Impact Structure 
The Mistastin Lake impact structure is located in central Labrador, Canada (55°53′N 
63°18′W) (Figure 2.1), and is a complex impact structure with a diameter of approximately 
28 km (e.g., Dence 1972; Grieve 1975; Marion and Sylvester 2010). This diameter is based 
on the presence of a ring of outlying hills, which may represent the remnants of the eroded 
rim (Grieve 1975; Marion and Sylvester 2010). It was recognized as an oval basin and 
originally identified as an impact structure by Taylor and Dence (1969). Shortly thereafter, 
Currie (1971) proposed that this structure was rather a resurgent crypto-explosion crater of 
endogenic volcanic origin. The initial impact origin hypothesis was subsequently confirmed 
through examination of the morphology of the structure and the identification of shock 
metamorphic features first noted by Taylor and Dence (1969). The age of the Mistastin event 
has been estimated a number of times by various authors (e.g., Mak et al. 1976). Most 
recently, Young et al. (2013) has proposed an age of 32.7 ± 1.2 Ma, based on (U-Th)/He age 
dating of zircons.  
Currie (1971) created a geological map of the Mistastin structure, which has been 
used as a base map for many subsequent studies (e.g., Grieve 1975; Marchand and Crocket 
1977; Marion and Sylvester 2010), and has been recently updated by Mader and Osinski 
(2018) (Figure 2.2). The target rocks included in the map area of Figure 2.2 were estimated 
by Currie (1971) to be derived from 77% granodiorite, 12% anorthosite and 11% quartz 
monzonite (referred to as mangerite in that work), and these main rock types are the primary 
contributors to the impact melt rocks found at Mistastin (Grieve 1975; Marchand and 
Crocket 1977; Marion and Sylvester 2010). Only anorthosite and quartz monzonite are found 
on Horseshoe Island (Figure 2.3 and 2.4). These target rocks are components of the 
Mesoproterozoic Mistastin batholith (Emslie et al., 1980), which is part of the Nain Plutonic 
Suite (NPS) of Labrador, and the crater is located on stable cratonic rocks of Mesoproterozic 
age (ca. 1.4 Ga). Mistastin Lake occupies the inner approximately 16 km diameter of the 
structure and contains two islands: Bullseye Island, which is only hundreds of metres long, 
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and Horseshoe Island, which is ~3 km by 4 km. These islands are thought to represent the 
remnants of the central uplift of this complex structure (e.g., Grieve 1975; Marchand and 
Crocket 1977; Marion and Sylvester 2010). 
 
Figure 2.1. Map of Newfoundland and Labrador showing the location of the Mistastin Lake 
impact structure with an inset of a satellite view of the crater. (Provincial map from 
https://geology.com/canada/newfoundland-and-labrador.shtml. Inset from Google Earth) 
 
 
11 
 
Figure 2.2. a) Geological map of the Mistastin Lake impact structure from Mader and 
Osinski (2018), adapted from Emslie et al. (1980) and Marion (2009). Inset regional geology 
map is adapted from Currie (1971). 
 
Fig. 1. a) New geological map of the Mistastin Lake impact structure, adapted from Emslie et al. (1980) and Marion (2009) with
data from this study, fused with a 1:50,000 scale Canadian Digital Elevation Model (CDEM). Boxes outline areas of interest in
our study. Impactite stratigraphy indicated for each area. Insert: Basemap used by most previous studies of Mistastin Lake
impact structure based on field mapping by Currie (1971). b) Typical rock exposure and vegetation cover within the outer zone,
northeast quadrant. c) Typical rock exposure and vegetation cover within the inner zone, northwest quadrant.
Impactites of the Mistastin Lake impact structure 3
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Figure 2.3. Side by side comparison of appearance of quartz monzonite (left) and anorthosite 
(right). a and b) Outcrop scale photos. c and d) Outcrop, small scale (scale card is in 
centimetres). e) and f) Hand samples. Note the highly weathered nature of the monzonite and 
the pinkish/orange colour, which is a result of the potassium feldspar component, whereas 
the anorthosite is primarily gray and consists of large crystals of plagioclase feldspar.  
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Figure 2.4. The appearance of the two target rock types found on Horseshoe Island in thin 
section. a) quartz monzonite, with grains of plagioclase and orthoclase feldspar, quartz and 
orthopyroxene. b) anorthosite, consisting of primarily plagioclase. Note the high degree of 
irregular fractures, which transect grain boundaries. (Scale bars are 500 µm, cross-polarized 
light). 
 
Since the impact event occurred, the Mistastin structure has not been subjected to 
significant levels of metamorphism or deformation. However, the impactites have been 
exposed and incised by differential glacial and fluvial erosion, which removed between 10 to 
100 m of target material and melt rock (e.g., Phinney and Simonds 1977; Grieve and Cintala 
1992; Marion 2009; Marion and Sylvester 2010; Mader and Osinski 2018). Allochthonous 
impactites have been found preserved in various locations around the structure, Primarily, 
these consist of impact melt rock found around the shoreline of Mistastin Lake. These melt 
are believed to be remains of the melt sheet (e.g., Currie 1971; Grieve 1975; Marchand and 
Crocket 1977; Marion and Sylvester 2010), but recently it has been suggested that they may 
instead be remnants of patchy impact melt units unrelated to the initial melt sheet (Mader and 
Osinski 2018). The melt rocks at this structure are aphanitic to glassy, with some containing 
vesicles, and are found distributed around the western two thirds of the lake, with a thickness 
that varies from exposure to exposure (Marion and Sylvester 2010). This material is unevenly 
distributed on top of the target rocks and has been shown not to be preferentially associated 
with any particular target lithology. The melt rock has a variable clast content, which 
increases closer to the underlying brecciated basement (Marion 2009; Marion and Sylvester 
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2010; Mader and Osinski 2018). Impact breccias have also been discovered around 
Horseshoe Island and other parts of the structure (e.g., Currie 1971; Mader and Osinski 
2018). Shock metamorphic features including shatter cones, PDFs and diaplectic glass in 
quartz and feldspar, indicating a wide range of shock pressures from 2 to 45 GPa, have been 
identified in previous work across the Mistastin impact structure (e.g., Taylor and Dence 
1969; Grieve 1975; Pickersgill et al. 2015).  
2.2 Crater Morphology and Formation 
Hypervelocity impact events are the result of the impact of an asteroid or comet with 
a planetary surface and are the most widespread geologic process in the solar system (e.g., 
Stöffler 1971; Dence 1965; Melosh and Ivanov 1999; Langenhorst 2002; Grieve and 
Therriault 2004; Senft and Stewart 2009). These events involve the near instantaneous 
transfer of a very large amount kinetic energy in the impacting body to be partitioned into 
kinetic energy (leading to a craterform) and internal energy (leading to shock metamorphism) 
in the target area. This occurs over a very limited spatial and temporal scale, resulting in 
extreme pressure and temperature conditions (e.g., Stöffler 1971; Langenhorst 2002; Grieve 
and Therriault 2004). Of all the terrestrial planets, Earth is the most geologically active and, 
thus, it has retained the poorest record of hypervelocity impacts throughout geologic time. It 
was not until 1906 that Barringer first described a terrestrial structure as having an impact 
origin. Most detailed studies of terrestrial impact craters have been carried out since the mid 
1960s, making the specific study of terrestrial impact craters relatively new in the world of 
geoscience. 
Terrestrial impact craters were originally classified as having either simple or 
complex structures by Dence (1965), classifications which could be applied to both eroded 
and fresh craters on Earth and on the surfaces of other planets and satellites. This 
classification system has been expanded to include multi-ring basins (first noted by 
Hartmann and Kuiper 1962). The classification of an individual crater depends on the 
morphology created by the collapse of the geometrically simple “transient crater”, which 
forms immediately after the impact. The initial crater then undergoes different degrees of 
modification as a result of gravitational instability and collapse, leading to the final crater 
morphology. The degree of modification involved for a given structure is sensitive to 
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conditions on the target planet, such as the acceleration of gravity and characteristics of the 
surface materials and, to a lesser extent, the nature of the impactor and impact velocity 
(Maxwell 1977; Grieve et al. 1981; Melosh and Ivanov 1999; Grieve and Therriault 2004).  
Crater formation is divided into three main stages: contact and shock compression, 
excavation (transient cavity growth by crater material ejection and target rock displacement), 
and transient cavity modification (Figure 2.5) (e.g., Melosh 1989; Melosh and Ivanov 1999; 
Senft and Stewart 2009). The boundaries of these stages are not strict, but each stage is 
dominated by a specific set of major physical and mechanical processes. The division of 
crater formation into stages is mainly for the purposes of convenience and communication, 
and they highlight the dominant mechanisms acting at any given time (Melosh and Ivanov 
1999). The early stages of impact crater formation are well understood. However, the 
processes that control the mechanics of the later stages of large crater formation, particularly 
in the case of complex structures, are ongoing areas of field and theoretical investigation.  
As their name suggests, complex craters have much more complicated structures and 
are more modified craterforms than simple craters. They are generally characterized by a 
number of basic morphological elements, including a central uplift, rim synclines, and outer 
concentric zones of mainly normal faulting, though exceptions to this standard morphology 
do occur (e.g., Dence 1965; Melosh and Ivanov 1999; Grieve and Therriault 2004; 
Kenkmann et al. 2012). In complex craters on Earth, the rock strata beneath the centre of the 
crater are uplifted above the pre-impact level and expose rocks from considerable depth (e.g., 
Dence et al. 1977; Melosh and Ivanov 1999; Grieve and Therriault 2004). The depth of 
origin and age of the rocks found in a central uplift increases approaching the centre. This 
has been observed and studied in a number of structures, including: Gosses Bluff, Australia 
(Milton et al. 1972); Red Wing, USA (Brenan et al. 1975); Sierra Madera, USA (Wilshire 
and Howard 1968).  
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Figure 2.5. Schematic diagrams showing the various stages of simple vs. complex crater 
formation. From Osinski et al. (2018). 
 
exists as a physical entity in the smallest of impacts. It is generally taken
to be approximately parabolic in cross-section but, as indicated by its
name, it represents an unstable situation due to gravitational forces
and collapses and is modified (Fig. 2), almost as it forms and grows,
resulting in the final crater form.
The final crater form is primarily a function of the size of the impact
event, planetary gravity and the dynamic strength of the target rocks;
pre-existing structures and topography being other factors. Asmost ter-
restrial impact craters are no longer topographic depressions, due to
their post-impact modification from the effects of erosion and tecto-
nism, they no longer correspond to the strict definition of a crater.
Thus, as impact involves the considerable displacement of the original
target rocks, the more general and encompassing term impact “struc-
tures” is used here. Smaller impact craters are referred to as simple
structures (Fig. 3A, C). When fresh, they are bowl-shaped in form,
with an upraised and overturned rim, which is overlain by ejecta.
They are partially filled, to approximately half the depth of the original
transient cavity, with various impact lithologies termed impactites
(see Section 3): breccias and impact melt rocks (Fig. 3A, C). (Note: the
various settings of these igneous rocks formed by impact is discussed
in Section 4.) Larger impact craters are called complex structures (Fig.
3B, D, E). Complex structures occur at an onset diameter that varies as
a function of the specific planetary body (i.e., gravitational acceleration
and target type), with diameters N2 to 4 km on Earth, depending on the
Fig. 2. Schematic diagrams showing the formation of simple and complex impact craters. At the top is a theoretical cross section through the transient cavity showing the provenance of
impactmetamorphosed target lithologies. Below are a series of schematic cross sections depicting the 3main stages of crater formation. The formation and transport ofmelt is highlighted
in both simple (left panel) and complex craters (right panel). For the modification stage section, the arrows represent different time steps, labelled “a” to “c”. Initially, the gravitational
collapse of crater walls and ce tral uplift (a) results n generally inwards movement of material. Later, melt and clasts flow off the central uplift (b). Then, there is continued
movement of melt and clasts outwards once crater wall collapse has largely ceased (c).
Modified from Osinski et al. (2011) and Osinski and Pierazzo (2012).
29G.R. Osinski et al. / Journal of Volcanology and Geothermal Research 353 (2018) 25–54
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Figure 2.5. (continued). Time steps “a” to “c” are labeled with arrows on the modification 
stage section. (a) The gravitational collapse of crater walls and central uplift results in 
generally inwards movement of material. (b) Later, melt and clasts flow off the central uplift. 
(c) Then, there is continued movement of melt and clasts outwards once crater wall collapse 
has largely ceased. From Osinski et al. (2018).  
 
 
nature of the target rocks (crystalline, sedimentary or both). They are
characterized by a complex, faulted and collapsed rim area, a relatively,
down-faulted flat floor and some formof uplifted structure in the centre
(Fig. 3B). They represent amuchmore highlymodified crater form,with
respect to the transient cavity, than simple structures. The uplifted cen-
tral structure consists of parautochthonous target rocks and has the
form of an emergent topographic peak or peak ring (Fig. 3B, D, E),
above the crater fil p oducts lining the parautochthonous crater floor,
depending on the size of the impact event. As with simple structures,
the crater fill products at complex structures consist of various breccias
and impact melt rocks.
Shock metamorphic effects are a direct result of the shock wave in-
creasing the internal energy of the target rocks and are, thus, diagnostic
of impact (French and Koeberl, 2010). They do not occur below shock
pressures of several GPa and continue up to pressures of 100's of GPa
(Fig. 4). They include the formation of: shatter cones (Fig. 4A), the
only known megascopic shock effect; microscopic so-called planar de-
formation features (PDFs) (Fig. 4B), best known in quartz and feldspar;
so-called diaplectic or thetomorphic solid-state glasses (Fig. 4C, D) in
quartz and feldspar; impact melt rocks and glasses; and various high
pressure polymorphs, such as coesite and stishovite from quartz and
diamond from graphite. Shock metamorphic effects are not produced
simply by the passage of the shock wave and compression of the target
rocks but rather by shock compression combined with the effects fol-
lowing the passage of the rarefaction wave. With increasing pressure,
the net effect of shock compression and pressure release is to increase
the entropy and degree of disorder in the target rocks and their constit-
uent minerals, such that still crystalline shocked rocks and minerals are
less dense than their original state.
Impact melting, sometimes referred to somewhat erroneously as
“shock melting”, occurs upon decompression from high shock pres-
sures and temperatures. The extent of impact melting is a function
of peak shock pressure and the compressibility of the target rock li-
thologies and their constituent minerals. It also occurs in the highly
dynamic physical environment of impact crater formation, when tar-
get lithologies are in high speed and differential motion. Mass, mo-
mentum and energy are conserved across a shock wave and the
state of material, as it is subject to shock compression, can be defined
by Hugoniot equations, which describe the pressure in front and be-
hind the shock wave, the particle velocity of material after the shock
wave has passed and the specific internal energy of material in front
and behind the shock wave (Melosh, 1989). The Hugoniot equation
Fig. 2 (continued).
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Target lithology plays a major role in the appearance of the central uplift. There are 
distinct differences in the characteristics of uplifts found in crystalline material and stratified 
sediments. In many cases, when the target rock is sedimentary, the presence of the 
stratigraphic beds allows the degree of structural uplift to be reconstructed using identifiable 
horizons and features like folding, hinges, overturned beds, overthrusting and bed duplication 
in the structural uplift (e.g., Red Wing [Brenan et al. 1975]; Gosses Bluff [Milton et al. 
1996]; Cloud Creek, USA [Stone and Therriault 2003]) (Melosh and Ivanov 1999; Grieve 
and Therriault 2004; Kenkmann et al. 2012). In cases where the target rock is crystalline, the 
lack of marker beds makes reconstructing the deformation and structural uplift that occurred 
much more difficult (Grieve and Therriault 2004). However, the presence of shock 
metamorphic effects in the unmelted shocked rocks in the central uplift may be used to 
estimate the degree of uplift (Melosh and Ivanov 1999). It has been found that the level of 
shock that can be observed in the rock decreases radially outward and downward (e.g., 
Robertson 1975; Stöffler et al. 1988). For smaller (~20 km) complex structures, the peak 
recorded pressures are on the order of 25–30 GPa, and for larger structures, ~45-50 GPa 
(Grieve and Cintala 1992; Melosh and Ivanov 1999; Grieve and Therriault 2004). This range 
of pressure is much less than the maximum pressure during the impact event, so the fact that 
these rocks are close to the surface indicates that they were shocked at greater depth and then 
uplifted to their present position during crater modification (Melosh and Ivanov 1999).  
The amount of structural uplift observed in the deepest unit exposed at the centre of 
terrestrial complex impact structures defines the relationship: SU = 0.086 D1.03, which is 
based on empirical data from 24 structures (Grieve and Pilkington 1996; Grieve and 
Therriault 2004). Another estimate, by Ivanov et al. (1982), gives the amount of structural 
uplift as: SU = 0.1 D. Therriault et al. (1997) processed morphometric data on the diameters 
of the structural uplift (DSU) from 44 terrestrial complex impact structures and developed 
the empirical relation DSU = 0.31 D1.02. As erosion makes estimating the rim diameter 
difficult, it is not practical to relate the physical height of the central topographic peak in 
terrestrial complex impact structures. Another factor to consider, is that the observational 
data sets (e.g., surface geology, drill core, and geophysics) differ for the various structures 
being considered and this can produce slightly different estimates of rim diameters, due to 
variations in spatial resolution and the specific physical element being observed (e.g., Grieve 
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and Therriault 2004). When lunar complex impact structures are observed, however, there 
are found to be empirical relations for both physical height and diameter of the central peak, 
as expressed at the present ground surface (Pike 1977; Grieve and Therriault 2004).  
The central uplift in a complex structure is surrounded by a ring depression (or 
circular trough), which is filled by fragmented material (allochthonous breccia) and impact 
melt rocks. The true depths (the distance from the level of the pre-impact surface to the true 
floor) of complex craters increase with increasing diameter, but they increase much more 
slowly than the depths of simple craters. Fresh complex craters have an apparent depth 
(depth from the pre-impact surface to the surface of the crater fill material) of approximately 
1/5 or 1/6 of the crater diameter (Melosh and Ivanov 1999). 
During the modification stage of complex structures, two competing processes take 
place: downward-directed gravitational collapse of the inner rim and uplift of the transient 
crater floor (Grieve and Therriault 2004). The gravitational forces cause the initially steep 
walls of the transient crater to collapse and form characteristic terraces (Grieve and 
Therriault 2004). The mechanisms behind this final phase of crater formation are not fully 
understood, but to explain the observed dependence of final crater morphology on crater 
diameter (ranging from simple craters to craters with a central peak to double-ring craters), 
the strength of the rocks surrounding the crater must be extremely degraded by a hereto 
undetermined mechanism (Melosh and Ivanov 1999). Possible mechanisms that have been 
suggested include acoustic fluidization (Melosh 1979, 1989; Ivanov & Kostuchenko 1997) 
and weakening of the target rocks by shock heating (O’Keefe and Ahrens 1993). Explaining 
the phenomenon of complex crater and, in particular, central uplift formation, is an ongoing 
subject of study in impact cratering mechanics (Melosh 1989; Melosh and Ivanov 1999; 
Senft and Stewart 2009; Kenkmann et al. 2012). Even when the weakening influence of 
cracks, fissures and faults present in the target rocks on a large scale is taken into account, 
the strength of the target material is still much too high for this type of deformation 
(Kenkmann et al. 2012).   
The oscillating block model is one of the primary working hypotheses used to explain 
the apparent low-strength behaviour of rocks during large impact events. Melosh (1989) and 
Melosh and Ivanov (1999) discuss several working hypotheses, including this model. The 
block model is an approximation of the acoustic fluidization model and involves the target 
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material deforming as a system of discrete rock blocks rather than a plastic. It has been 
observed at many impact structures that the shallow target material underneath the transient 
cavity breaks into large ‘megablocks’, during the cratering process, especially in the central 
uplift (Kenkmann et al. 2012). Evidence of thrusting and faulting has been found in drill 
cores from the structural uplifts at complex impact structures in sedimentary targets, which 
indicates that the target material was behaving as blocks during uplift (e.g., Brenan et al. 
1975; Offield and Pohn 1977; Grieve and Therriault 2004). Examples include the Puchezh-
Katunki impact crater, Russia (Ivanov et al. 1996; Melosh and Ivanov 1999; Grieve and 
Therriault 2004), the Upheaval Dome impact structure, USA, (Kenkmann et al. 2006), and 
Waqf as Suwwan impact structure, Jordan, (Kenkmann et al. 2010).  
For the block model to operate the sound speed of the matrix between the blocks must 
be much smaller than that of the intact rock (Melosh and Ivanov 1999). A weak interblock 
breccia layer, approximately 10 to 20 percent of the block’s thickness, with a sound speed 
approximately 500 to 1000 m/s could accomplish this (Melosh and Ivanov 1999). An 
extension of the block model proposes the possibility that faults and the fractures between the 
blocks contain material that allows the blocks to slide past each other more easily, allowing 
the structure to deform. This hypothesis was originally suggested by Dence et al. (1977), who 
proposed a model that involved the lubrication of faults by friction generated melts during 
the excavation flow to lower the strength of block contacts, during the later stages of 
movement (Dence et al. 1977; Senft and Stewart 2009; Osinski et al. 2012). At impact 
structures that have been more deeply eroded, the structural uplift is more easily observed 
and it is common to see breccia dykes separating discrete blocks (e.g., the coastline of Slate 
Islands, Canada) (Grieve and Robertson 1976; Dressler et al. 1998; Grieve and Therriault 
2004).  
The presence of and movement of discrete rock blocks in the structural uplift can be 
considered generally consistent with models of acoustic fluidization to account for 
temporarily weakening of the target during the modification stage of crater formation (e.g., 
Dence et al. 1977; Ivanov and Kostuchenko 1997; Grieve and Therriault 2004; Koeberl 2009; 
Kenkmann et al. 2012). Various groups have done numerical simulations using the block-
model and it has been found to reproduce the overall morphology of complex craters, 
including the shallow depths and interior shapes (e.g., Collins and Wünnemann 2005; Collins 
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et al. 2002; Melosh and Ivanov 1999; Wünnemann and Ivanov 2003; Senft and Stewart 
2009).  
2.3 Allochthonous Impactites  
Impactites may be broadly divided into three categories: autochthonous, 
parautochthonous and allochthonous (e.g., Grieve and Therriault 2012). These classifications 
are based one the extent to which they have been moved from their original pre-impact 
location by the impact (e.g., Stöffler and Grieve 2007; Grieve and Therriault 2012). 
Autochthonous impactites are formed in place and have not been moved. Parautochthonous 
impactites have been moved but appear to be in place. Allochthonous impactites are moved 
to their current location, after being formed elsewhere and transported. All three types of 
impactites may be found at a single impact structure. 
When an impact occurs, a portion of the target rock is melted and, in the case of 
complex impact structures that occur in crystalline targets, the vast majority of impact melt 
rock created exists as a coherent melt sheet, which overlies the parautochthonous target rocks 
of the crater floor or, in some cases, are separated from the floor by a thin layer of breccia 
(e.g., Mader and Osinski 2018). Typically this breccia, when present, contains both impact 
melt and lithic and mineral clasts of target rocks (Grieve and Therriault 2012). In the case of 
impacts into sedimentary targets, the result is much more complex and includes the formation 
of melt-bearing breccia deposits, which are found in the same structural position within the 
impact structure as the melt rocks in crystalline targets, and are believed to be created in a 
similar way (Grieve 1988; Osinski et al. 2008). When the target rocks have mixed 
lithologies, both coherent melt rocks and melt-bearing breccias are created (Masaitis et al. 
1980; Grieve and Therriault 2012). The composition of the impact melt rock is dependent on 
the composition of the local target rocks involved.  
Breccias are a common allochthonous impactite and are found at all types of impact 
structures. One of the most common impactite of this type is lithic breccia. Lithic breccias 
are non-melt-bearing and consist of lithic and mineral clasts with a clastic matrix of finer 
grained material from the same sources and are generally poorly sorted with angular to sub-
rounded clasts ranging in size from less than 1 mm to hundreds of metres. In some cases, 
these materials display sub-solidus shock metamorphic features. Lithic breccias make up the 
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majority of the crater fill at simple structures and are usually polymict but can be monomict. 
(e.g., French 1998; Stöffler and Grieve 2007). They are less commonly found at larger 
complex structures in crystalline targets because, at such structures, more of the target 
material is melted, resulting in a larger melt sheet. In these cases, the lithic breccias are found 
in the crater floor below the impact melt rock. Lithic breccias have also been found to occur 
as dykes in the target rocks of the floors of complex impact structures (Lambert 1981; 
Bischoff and Oskierski 1987; Dressler and Sharpton 1997). These dykes can range from 
centimetres to tens of metres in width and are usually polymict. In some dykes, there can be 
found lithic clasts that originate from lithologies originally higher in the stratigraphic section 
than the target rocks of the crater floor, indicating that the breccia material has been 
transported downward (e.g., Halls and Grieve 1976; Grieve and Therriault 2012). 
Another important type of breccia found in impact structures, is impact melt-bearing 
breccia. This is one of the more poorly understood impactites. In general, melt-bearing 
breccias may be defined as a “polymict impact breccia with a clastic matrix containing lithic 
and mineral clasts in various stages of shock metamorphism, including cogenetic impact melt 
clasts, which are in a glassy or crystallized state.” (Masaitis 1999). Lithic breccias and melt-
bearing breccias may be found together in both simple and complex craters, and can even be 
seen to grade into each other even though they are designated as distinct and discrete 
lithologies (e.g., Masaitis 1999, Ferrière et al. 2007).  
Dressler and Sharpton (1997), Lambert (1981), Pohl et al. (1977) and Masaitis (2005) 
have all conducted studies at impact structures in which impact breccia has been identified 
and classified based on texture, composition, and the relative timing of their emplacement. 
These studies include the description of melt-bearing breccias believed to have been formed 
through high-energy emplacement of brecciated material into fractures in the crater floor, 
before the formation of the central uplift, through the process of downward injection of 
brecciated and melted material. Injected dykes typically range in thickness from centimetres 
to several metres and can be up to tens of metres in large impact structures. It is common to 
see sorting within the dykes, with the larger clasts concentrated in the centre, and also 
common for the clasts to have undergone shock metamorphism. These dykes are emplaced 
early in the cratering process and are later displaced upward together with the host rocks 
when the central uplift is formed (Masaitis 2005). Injected dykes may be found at many 
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impact structures including Vredefort (e.g., Therriault et al. 1997; Henkel and Reimold 
1998), Sudbury (e.g., Dressler 1984), Manicouagan (e.g., Dressler 1990), Slate Island (e.g., 
Dressler and Sharpton 1997), Rochechouart (e.g., Lambert 1981; Bischoff and Oskierski 
1987), and Ries (e.g., Stöffler 1977). In some cases, it is possible to use the lithologies of 
clasts found in breccias to estimate their stratigraphic displacements or depth of penetration 
in the brecciated crater basement, including its central uplift. It has been found that injected 
dykes can displace material for kilometres into the crater floor. The deepest dykes of this 
type have been found to occur in the basement of the Puchezh-Katunki crater with depths of 
over ~ 4 km (Masaitis 2005).  
In many instances, various types of breccias found in impact structures have been 
indiscriminately called pseudotachylite, even in cases where there is no evidence of melting 
(Reimold et al. 1999). In these cases, Reimold (1995, 1998) has proposed that the term 
'pseudotachylitic breccia' should be used rather than ‘pseudotachylite’. Pseudotachylitic 
breccias are fragment-rich breccias containing a melted rock matrix that resembles 
pseudotachylite and, in these cases, the origin of the melt component is unknown (Reimold 
and Gibson 2005; Lieger et al. 2009; Grieve and Therriault 2012). It is important to note that 
this type of material is not unique to impact environments and can also be found in endogenic 
fault structures (e.g., Sibson 1975). It has been suggested that the term ‘impact 
pseudotachylite’ should be used to distinguish pseudotachylite of known impact origin 
(Stöffler and Grieve 2007).  
2.3.1 Impactites at the Mistastin Lake impact structure 
Allochthonous and autochthonous impactites have been found preserved in various 
points in and around the Mistastin Lake impact structure, primarily as impact melt rock 
found around the shoreline of Mistastin Lake (e.g., Currie 1971; Grieve 1975; Marchand and 
Crocket 1977; Marion and Sylvester 2010; Mader and Osinski 2018). The melt rocks have 
been characterized by a number of authors, including Grieve (1975), Marchand and Crocket 
(1977) and, most recently, by Marion and Sylvester (2010), who found that the best estimate 
of sources of the initial impact melt is approximately 73% anorthosite, 7% quartz monzonite 
(referred to as mangerite) and 20% granodiorite.   
Impact breccias have also been discovered in various locations around the structure 
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(e.g., Currie 1971; Grieve 1975; Marion 2009; Pickersgill et al. 2015; Mader and Osinski 
2018). Both Currie (1971) and Grieve (1975) described monomict anorthosite breccia at 
Mistastin, a classification that was later corrected to polymict impact breccia (Mader and 
Osinski 2018). Mader and Osinski (2018) present a thorough overview of the impactites 
found at Mistastin, including descriptions of breccias in dyke-like intrusions into 
metamorphosed basement rocks. Whole rock glass in the form of clasts incorporated in these 
intrusive breccias indicates that some of the material has experienced peak pressures over 60 
GPa. Breccias also occur at the Mistastin structure underlying coherent impact melt rocks 
(e.g., Marion and Sylvester 2010; Mader and Osinski 2018).  
The breccias were discussed again by Mader and Osinski (2018), who described melt 
rock, monomict breccia and polymict (melt-bearing and melt-free) breccia occurring within 
the inner zone of the structure, an area which they define as immediately surrounding the 
lake and extending up to ~5 km radially from the lakeshore. The monomict breccias were 
found to occur overlying the anorthosite and quartz monzonite target rocks and have a 
composition consistent with the adjacent material. These breccias contain shatter cones and 
planar fractures in feldspar, indicating shock pressures between <5 and 10 GPa. The melt-
free and melt-poor impact breccias contain fragments from both quartz monzonite and 
anorthosite and are sometimes found underlying impact melt rock. In other cases the 
overlying melt rock has been removed by erosion. A wider range of shock features were 
found in this breccia type, including fractures in feldspar and quartz, planar deformation 
features in quartz, diaplectic feldspar glass (maskelynite) and a minor amount (< 2 vol%) of 
centimetre size, impact glass fragments was also observed. These features are indicative of 
pressures up to 60 GPa. Impact melt-bearing polymict impact breccias were found as a 
transitional zone between overlying impact melt rocks and underlying melt-poor polymict 
impact breccias, as a dyke within massive target rock, and as a lens within the thick unit of 
impact melt rocks at Discovery Hill. These materials are similar to the melt-free to -poor 
polymict breccias, with respect to lithic composition and range of shock features (Mader and 
Osinski 2018).  
Impact breccias at the Mistastin structure have been shown to have a range of 
emplacement mechanisms. Mader and Osinski (2018) suggest that the melt-free or-poor 
polymict impact breccias found underlying melt rock within the crater rim region at 
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Mistastin, were ballistically emplaced and subsequently covered by the impact melt. It is also 
suggested that the presence of dykes of impact melt-bearing polymict impact breccia 
suggests a mechanism whereby a hot lithics-dominated flow moved laterally along and then 
intruded as a fracture fill into target rocks (Mader and Osinski 2018). Pickersgill et al. (2012) 
also suggested a dynamic flow model for the emplacement of the breccias dykes, due to the 
variation in shock level with proximity to the crater centre and the evidence of macroscopic 
flow.  
Impactites have been found on Horseshoe Island, although not in as many varieties as 
have been noted as in the inner zone of the Mistastin structure. Monomict impact breccia was 
found along the western shore of the island, as well as “suevite” at one location. Marion and 
Sylvester (2010) and Mader and Osinski (2018) both include one outcrop of impact melt on 
their maps of the structure; however, this material is not discussed in detail in either of these 
studies.  
2.4 Identification of Meteoritic Components 
When meteorite impacts occur, the impactor is melted and/or vaporized, and it is 
possible for the impactites that are actively being created to incorporate a small amount of 
meteoritic material (e.g., Goderis et al. 2012; Moynier et al. 2009). This results in a chemical 
signature that is distinct when compared with the local or average continental crust values. 
Identifying these components is one way of verifying a structure has an impact origin, 
although identification using shock metamorphic features is significantly more common 
(e.g., Koeberl 2007; Moynier et al. 2009; Goderis et al. 2012). To date, out of the more than 
170 terrestrial impact structures that have been identified, only approximately 50 have been 
studied using one or more of the projectile-tracing methods (Koeberl et al. 2007; Goderis et 
al. 2012). Of the impact structures with confirmed meteoritic components, only a few were 
first identified using this method (Koeberl et al. 2007).  
A limiting factor for the identification of meteoritic components is that only a very 
small quantity of the meteoritic melt is mixed with the much larger quantity of target rock 
(Tagle and Claeys 2005; Koeberl et al. 2007). Usually the extraterrestrial contribution (ETC) 
found in impactites is less than 1 wt. % of meteoritic material, which results in only slight 
chemical changes in the resulting material and makes their detection very difficult (e.g., 
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Koeberl 1998; Tagle and Claeys 2005; Koeberl et al. 2007; Goderis et al. 2012). Some 
structures have been shown to contain more, including the melt rocks at the East Clearwater 
impact structure, which were found to contain approximately 8 wt.% of a chondritic 
component (based on Ir excesses) (Palme et al. 1978; McDonald 2002; Tagle and Claeys 
2005) and the Morokweng melt rocks which contain up to 5.7 wt.% (McDonald et al. 2001; 
Maier et al. 2006). Projectile contributions are most commonly found in impact melt rock 
and are often heterogeneously distributed (e.g., Grieve et al. 1977; Palme et al. 1978, 1981; 
McDonald et al. 2001; McDonald 2002; Tagle and Claeys 2005; Goderis et al. 2012). In 
addition to crater-fill rocks, it is also possible to discover meteoritic components in distal 
ejecta layers (e.g., Alvarez et al. 1980; Koeberl et al. 2007; Schulte et al. 2010). 
Various geochemical methods have been used to identify meteoritic contributions in 
impactites (e.g., Janssens et al. 1977; Palme et al. 1978, 1979, 1980, 1982; Evans et al. 1993). 
For studies of this type, only elements abundant in meteorites but scarce in terrestrial crustal 
rocks may be used (Koeberl et al. 2007). In general, when actual meteoritic fragments are 
absent, two main geochemical approaches have been used to identify and characterize the 
presence of meteoric components at terrestrial impact structures (e.g., Goderis et al. 2012). 
The first involves looking at elevated concentrations of specific siderophile elements, 
especially the platinum group elements. Siderophile elements include the platinum group 
metals (ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir), platinum 
(Pt)) and nickel (Ni).  Moderate siderophiles include chromium (Cr) and cobalt (Co). In some 
cases, when using one of these methods for impactor detection, the type of projectile 
involved can be determined by the contamination in meteoritic elements, which are imparted 
to the produced impact melt rock during the cratering event (Tagle and Claeys 2005). The 
second method uses the presence of atypical isotope ratios, especially osmium (Os) and 
chromium (Cr) isotopic signatures (Tagle and Hecht 2006; Moynier et al. 2009; Goderis et al. 
2012). 
The first studies attempting to identify the nature of impactors were carried out on 
lunar samples (Anders et al. 1973; Ganapathy et al. 1970; Morgan et al. 1974; Morgan et al. 
1975). In these studies, the abundance patterns and ratios of mainly Ir, Re, Ni, Au, Ge, Sb, 
and Bi were used for identification, because these elements are both able to be accurately 
analyzed at low concentration levels, and were found in much higher concentrations in 
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meteorites than in lunar crustal rocks (Tagle and Hecht 2006). When studies to discover a 
meteoritic component were first carried out on terrestrial impactites, it was also found that 
siderophile elements were effective as cosmic indicators (Morgan et al. 1975; Palme et al. 
1978, 1979; Wolf et al. 1980).  
When using this method, it is important to ensure that (ultra-) mafic mantle-derived 
components can be excluded. This is due to the fact that such target lithologies can already 
have high concentrations of Cr, Co and Ni (siderophile elements), which can interfere with 
the characteristic projectile signature. When no (ultra-)mafic components are included, 
moderately siderophile elements act as a proxy for the presence of PGE enrichments and are 
used as the initial indicators for the presence of meteoritic material. In addition, in some 
cases, it is even possible to get an initial impactor characterization from moderately 
siderophile elements (Koeberl et al. 2007; Goderis et al. 2012). Iridium is also often 
measured as a proxy for all PGEs. This is because Ir can be measured with the best detection 
limit of all PGEs by neutron activation analysis. However, small Ir anomalies by themselves 
have little diagnostic power, which is why the best results are obtained when measuring 
whole suites of elements (Koeberl et al. 2007). 
2.5 Shock Metamorphic Features and the Universal Stage 
The shock metamorphism of rocks and minerals is an important consequence of 
hypervelocity impact events. The resulting features are diagnostic of impact events and, in 
some cases, can be related to specific pressure and temperature conditions (e.g., Chao 1968; 
Stöffler 1971; French and Koeberl 2010). It is well known that quartz, which has been 
subjected to the extreme conditions of an impact event, can display shock metamorphic 
features diagnostic of the shock pressures involved (e.g., Stöffler 1971; Stöffler and 
Langenhorst 1994; French 1998; Therriault et al. 2002; French and Koeberl 2010). The most 
informative of these are planar deformation features (PDFs). PDFs form between pressures 
of 10 to 35 GPa and are the shock effect most often used to recognize new impact structures 
(Stöffler and Langenhorst 1994; French 1998; Therriault et al. 2002). PDFs are thin (< 200–
300 nm), closely spaced (typically 2–10 µm) amorphous lamellae that have the same 
composition as the host crystal in which they form (French 1998; Langenhorst 2002). In 
general, they are oriented parallel to specific rational crystallographic planes in the host 
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quartz crystal (French 1998). When PDFs are unaltered, they form multiple sets of 
continuous planes that extend across most or all of the host grain, without crossing grain 
boundaries (e.g., French 1998).  
Fresh PDFs consist of thin continuous lamellae of shock-produced glass. PDFs of this 
type have been produced in the laboratory and are also preserved in young impact structures 
(Hörz 1968; Muller 1969; Stöffler 1984). In shocked materials that are older or have been 
altered or metamorphosed, PDFs are still distinctive but have a discontinuous character. This 
is caused when the original amorphous glass in the PDF planes is recrystallized back to 
quartz. In the process, arrays of tiny (1–2 µm) fluid inclusions known as decorations develop 
along the original planes. The resulting features are called decorated PDFs and preserve the 
orientation of the original PDFs and the distinctive shock-produced fabric (French 1968b; 
Robertson et al. 1968; Schreyer 1983; Grieve et al. 1990).  
PDFs in quartz remain the most important shock features for a number of reasons. 
These include the fact that quartz is abundant in a wide range of common terrestrial target 
rock types, the characteristics of PDFs in quartz (number of sets, orientation) vary with 
pressure, allowing quartz to be used as a shock barometer (Robertson 1975; Grieve and 
Robertson 1976; Robertson and Grieve 1977; Dressler et al. 1998), and quartz is a very stable 
mineral, which allows it to preserve PDFs through subsequent episodes of metamorphism, 
erosion, and sedimentation. 
The most distinctive characteristic of PDFs is that they are oriented parallel to 
specific crystallographic planes within the quartz lattice. The most common orientation for 
PDFs are to planes with low Miller-Bravais indices such as c(0001), ω{1013}, and π{1012} 
(French and Short 1968; Robertson et al. 1968; Engelhardt and Bertsch 1969; Stöffler and 
Langenhorst 1994; Grieve et al. 1996). Various techniques can be used to determine the 
angles between the quartz c-axes and the poles to the PDF planes. For details of these 
methods, see Robertson et al. 1968; Engelhardt and Bertsch 1969; Stöffler and Langenhorst 
1994; Grieve et al. 1996; and Ferrière et al. 2009. Using these methods helps to determine 
whether the features are shock produced PDFs or other non-impact, deformation features in 
quartz. 
The most commonly used tool to discover the crystallographic orientation of PDFs in 
quarts is the Universal stage (U-stage) microscope analysis technique. Discovering the 
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orientations of these structures is important, both because they serve as evidence that certain 
geological structures have an impact origin and because specific crystallographic orientations 
of PDFs are formed at different shock pressures (e.g., Hörz 1968; Müller and Défourneaux 
1968; Huffman and Reimold 1996, Ferrière et al. 2009). By using the proportions of the 
different PDF orientations found in a given sample, it is possible to then determine the 
average shock pressure that the sample experienced (e.g., Ferrière et al. 2009).  
Previous studies have shown that PDFs are commonly parallel to (0001), {1010}, 
{1011}, {1012}, {1013}, {1014}, {1120}, {1121}, {1122}, {2131}, 2241 , and {5161} 
(e.g., Stöffler and Langenhorst 1994; Ferrière et al. 2009). PDF orientations may be 
measured through the use of transmission electron microscopy (TEM) (e.g., Goltrant et al. 
1991), with a spindle stage (e.g., Bohor et al. 1987) and with a U-stage. Only the U-stage 
technique, however, makes it possible to measure and index a large number of PDF sets 
efficiently and inexpensively (Ferrière et al. 2009). The measuring and indexing of PDFs in 
impact target materials gives insight into the formation conditions of these complex 
structures. 
Shock metamorphic features including shatter cones, PDFs in quartz and feldspar and 
diaplectic glass quartz and feldspar glass, have been identified in previous work across the 
Mistastin impact structure, indicating a wide range of shock pressures from 2 to 45 GPa, 
(e.g., Taylor and Dence 1969; Grieve 1975; Pickersgill et al. 2015). A study carried out by 
Taylor and Dence (1969), employed a U-stage to measure the PDFs found in six grains from 
four samples collected on Horseshoe Island. An average of 4.5 PDF sets per grain were 
measured, and orientations (0001), 1013  and 1012  were identified.  
Pickersgill et al. (2015) looked extensively at the optical effects found in feldspars at 
the Mistastin structure, and identified offset twins, fractures, undulose extinction, bent twins 
and diaplectic feldspar glass. They also identified PDFs in quartz, but interestingly not in 
feldspar. This is considered noteworthy, because PDFs form under similar conditions in both 
quartz and feldspar (~10-30 GPa) (French and Koeberl 2010). Pickersgill et al. (2015) 
speculated that the higher symmetry of monoclinic feldspars may encourage formation of 
PDFs in Ca-poor plagioclase and potassium feldspars over Ca-rich plagioclases. They also 
suggested that pre-existing planes of weakness in plagioclase, could discourage the formation 
of PDFs by allowing “relief” of pressure caused by passage of the shockwave. 
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Although shock experiments have provided information on the shock pressures 
needed to create specific shock metamorphic effects, in nature there are many factors that can 
influence how a given sample will respond to shock. These include details about textural and 
mineralogical environment. For example, Grieve and Robertson (1976) estimated the shock 
pressures in large quartz grains to be 14.3 GPa but 12.5 GPa in small grains found in the 
same samples (i.e., Robertson and Grieve 1977). This is due to shock wave interactions that 
amplify or diminish pressure grain by grain or within grains (Dence 2004). At the Slate 
Islands, the shock pressure in quartz found in a diabase is approximately 4 GPa lower than 
found in nearby acid metavolcanics (Robertson and Grieve 1977). Due to how variable these 
factors can be, it is possible to even see a spread of values within single specimens on the 
order of 5 – 10 GPa (Dence 2004). In order to accommodate for these variables when dealing 
with field samples, it is important to take many samples and examine a wide range of grains 
in each sample.  
2.5.1 Peak Pressures and Shock Attenuation 
It is well established that shock metamorphic features may be used to determine the 
shock pressure that a particular sample was subjected to during the impact process. At some 
craters, where it is possible to sample across the entire structure, shock features may be used 
to track the attenuation of the shock wave as it moved outward from the point of impact (e.g., 
Robertson and Grieve 1977). As rocks in the walls and floor of a crater primarily retain their 
relative positions in terms of radial distance from the impact point, the succession of shock 
metamorphic effects that are found in these rocks at increasing distance from the impact can 
be used to estimate the attenuation rate (Robertson and Grieve 1977). An attenuation rate can 
be calculated using the pressures vs. the ratio of the sample distance from the crater centre to 
the transient crater radius. It is generally found that shock attenuation rates appear to be more 
rapid in large, complex craters and slower in small, simple craters. When comparing various 
structures, the attenuation slopes can be considered equivalent if the craters do not differ in 
size by more than a factor of two (Robertson and Grieve 1977).  
Shock attenuation studies have been carried out at a number of sites, including a 
number carried out at complex craters in a mainly crystalline host rock. Charlevoix, located 
in Quebec on the north shore of the St. Lawrence River (i.e., Dence 2004; Robertson 1975) is 
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a commonly used example. This 357 ± 15 million year old (Ma) structure is 54 km in 
diameter and it has been shown that the shock metamorphism here is zoned concentrically 
with the most strongly shocked rocks at the crest of the central peak, decreasing radially 
toward the margin (Robertson 1975; Dence 2004). At the centre, shock pressures of 
approximately 23 GPa are indicated (Robertson 1975). At this structure, it has been estimated 
that about 500 m to 1 km of erosion has occurred, since the impact, and all breccias and melt 
rocks have been removed as a result (Roy 1979; Dence 2004).  
The Slate Islands impact structure is another structure where shock attenuation has 
been studied. It is located 10 km south of Terrace Bay, Ontario, Canada, in northern Lake 
Superior. It is 30-32 km in diameter and is 450 Ma old (Halls and Grieve 1976; Dressler et al. 
1995; Sharpton et al. 1997). The Slate Islands archipelago is believed to represent what 
remains of the central uplifted portion of a complex impact structure, although it is now 
deeply eroded (Halls and Grieve 1976; Grieve and Robertson 1976). Dressler et al. (1998) 
used over 100 quartz-bearing meta volcanic rocks to study the shock levels across the islands 
and found that there is an overall decrease in shock pressure recorded in the target rocks from 
about 20-25 GPa in east-central Patterson Island to about 5-10 GPa at the western shore of 
this island and on Mortimer Island.  
The Swedish Siljan impact structure is the largest confirmed impact structure in 
Western Europe, with a diameter of 65 km (i.e., Holm et al. 2011). This structure was formed 
at about 380.9 ± 4.6 Ma (Reimold et al. 2005; Jourdan et al. 2012) in a mixed target of 
Paleozoic sedimentary rocks, overlying crystalline basement (Holm-Alwmark et al. 2017). 
Since then, it has undergone about 1 km of erosion revieling material originally located 
below the crater floor (Holm-Alwmark et al. 2017; Grieve 1988). Due to this, the structure 
lacks both a topographic feature, such as a peak and⁄or ring(s), and a melt sheet (Holm et al. 
2011). Two main studies have been carried out on the shock barometry of this structure: 
Holm et al. (2011) and Holm-Awlmark (2017).   
Holm et al. (2011) completed a detailed systematic search for shock metamorphic 
features in quartz grains in granite samples from 73 locations at Siljan. As expected, the most 
strongly shocked samples were found at the centre of the structure and indicate pressures of 
up to 20 GPa. They found that the pressures recorded in the samples decrease outwards from 
the centre of the structure, forming roughly circular envelopes around the proposed shock 
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centre. They also used the criteria outlined by Robertson et al. (1968), Robertson (1975), and 
Grieve and Robertson (1976) to divide their samples by shock level based on the orientations 
of PDFs found in quartz. Based on this, they determined their highest shocked samples have 
been shocked to level D, which corresponds to pressures of 15–20 GPa. In a structure of this 
size, it would be expected that the peak shock pressures found in the central uplift should 
have been on the order of 30 GPa or slightly higher, if the structure were not eroded (e.g., 
Stöffler et al. 1988; French 1998). The authors suggest the scarcity of planes indicating a 
higher level of shock reflects the fact that Siljan is more deeply eroded than other structures, 
such as Charlevoix. The high degree of erosion is confirmed by the lack of both a 
topographic high, representing either a central peak or ring ⁄ s, and preserved in-situ crater-fill 
deposits.  
Holm-Awlmark et al. (2017) add to the shock data available for Siljan by examining 
the shock barometry of both the quartz-bearing surface material, as well as 13 bedrock 
samples (all granitic bedrock of similar grain size) in two drill core samples. These authors 
found that the majority of the PDF sets are oriented parallel to the {1013} orientation with 
the second most abundant orientation being (0001), i.e., basal PDFs. Planes parallel to the 
{1014}, {1012}, {1011}, {1010}, {1122}, {2131}, {5161}, 2241 , {3141}, and {4041} 
orientations were also found in minor amounts and, of these, planes parallel to the {1014} 
orientation are the most common. These results show that the recorded shock pressure 
decreases with increasing depth from 15 to 20 GPa near the present surface to 10–15 GPa at 
600 m depth.  
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Chapter 3 
3 Geology of Horseshoe Island, the central uplift of the Mistastin 
Lake impact structure, Labrador, Canada 
 
Alaura C. SINGLETON, Gordon. R. OSINSKI, and Richard A. F. GRIEVE 
 
3.1 Introduction  
Horseshoe Island is a 3 by 4 km island located near the centre of Lake Mistastin, 
central Labrador, Canada. This, along with the much smaller Bullseye Island, is interpreted 
as the erosional remnants of the central uplift of the Mistastin Lake impact structure, a 28-km 
diameter complex impact structure (e.g., Taylor and Dence 1969; Dence 1972; Grieve 1975; 
Marchand and Crocket 1977; Marion and Sylvester 2010; Pickersgill et al. 2015; Mader and 
Osinski 2018). Examination of shock metamorphic features preserved in impacted materials 
at this site indicates the pressures that the target rocks were subjected to during the impact, 
providing insight into this individual cratering event. Peak shock pressure and shock 
attenuation studies have been carried out on a number of structures including Charlevoix 
(Quebec, Canada), Siljan (Sweden) and the Slate Islands (Labrador, Canada). At both 
Charlevoix and Siljan (with diameters of 54 and 75 kms respectively) roughly circular 
attenuation patterns have been observed with the level of shock decreasing outward from the 
centre (e.g., Holm-Awlmark 2017; Holm et. al. 2011; Trepmann and Spray 2006; Dence 
2004; Robertson 1975). Because Horseshoe Island and Bullseye Island represent the central 
uplift of the Mistastin Lake structure, it is the ideal location to assess the peak shock pressure 
experienced by the crater floor during the impact.  
Through this study we have improved on our current knowledge of this central uplift 
by creating a detailed geological map and overview of Horseshoe Island, and determined the 
peak shock pressures experienced by the impactites in the central uplift of this structure, and 
thereby increased our understanding of the formation conditions of this structure and the 
subsequent erosion.  
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3.2 Geological Setting 
The Mistastin Lake impact structure is located in central Labrador, Canada (55°53’N 
63°18’W). An impact origin was suggested based on the identification of shock metamorphic 
features (Taylor and Dence 1969). Shortly after, a resurgent crypto-explosion crater of 
endogenic volcanic origin was also suggested (Currie 1971a). Work carried out since these 
initial studies has confirmed the impact origin through study of the morphology of the 
structure and further examination of the shock metamorphic features found throughout the 
target rocks (e.g., Dence 1972, Grieve 1975; Marchand and Crocket 1977, Pickersgill et al. 
2015, Mader and Osinski 2018). Mistastin is a complex impact structure that has an apparent 
diameter of approximately 28 km (Dence 1972; Grieve 1975, Mader and Osinski 2018). The 
timing of the Mistastin impact event was 32.7 ± 1.2 Ma based on (U-Th)/He age dating of 
zircon (Young et al. 2013). 
The Mistastin Lake structure is located in the northeast end of the Mesoproterozoic 
Mistastin Batholith, which consists of a series of intrusive bodies, including anorthositic and 
granitic rocks together with lesser amounts of gabbroic rocks (e.g., Emslie et al., 1980). The 
main rock types found in the area of the impact structure are quartz monzonite, anorthosite 
and granodiorite. Irregular bands of anorthosite and monzonite extend from northwest to 
southeast (e.g., Grieve 1975; Marchand and Crocket 1977; Marion and Sylvester 2010).  
Allochthonous and autochthonous impactites have been found preserved in various 
locations throughout the structure. The allochthonous impactites primarily consist of impact 
melt rock found around the shoreline of Mistastin Lake (e.g., Grieve 1975; Marchand and 
Crocket 1977; Marion and Sylvester 2010; Mader and Osinski 2018). Impact breccias have 
also been discovered in various locations around Horseshoe Island and other parts of the 
structure (e.g., Currie 1971a; Pickersgill et al. 2015; Mader and Osinski 2018). Shock 
metamorphic features including shatter cones, PDFs and diaplectic glass, indicating a wide 
range of shock pressures from 2 to 45 GPa, have been identified in previous studies of the 
Mistastin structure (e.g., Grieve 1975; Taylor and Dence 1969; Pickersgill et al. 2015).  
Two main islands, Horseshoe Island and Bullseye Island, occur near the centre of 
Mistastin Lake, and constitute the remains of the central uplift of the Mistastin structure. 
Horseshoe Island is by far the larger of the two, measuring approximately 3 by 4 km. The 
dominant rock types found there are quartz monzonite and anorthosite. Granodiorite, as has 
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been mentioned, is another rock type known to have been involved in the Mistastin impact 
event; however, this unit is not found on Horseshoe Island. Marion and Sylvester (2010) have 
reported the presence of small (metre scale) outcrops of meta-quartz gabbro on Horseshoe 
Island. Most of the exposed rocks on the island are found in scattered highly eroded outcrops 
that range in size from one to tens of metres, or are exposed along the shoreline of the island. 
The island is covered with dense brush with some wooded areas, and many outcrops are at 
least partially obscured.  
There are several smaller islands on the eastern side of Horseshoe Island, the largest 
of which is Bullseye Island. It is very small in comparison to Horseshoe Island, being 
approximately 10 m by 200 m, and is composed primarily of large rounded rock fragments. 
There is one anorthosite outcrop approximately two metres in length found on the island, and 
it has been debated whether or not this material can be considered in situ. Glacial striae were 
observed on this outcrop, with orientations consistent with other locations around the 
structure, suggesting that this material does indeed constitute a true outcrop. The other small 
islands found in Mistastin Lake consist of loose rock fragments with no outcrops.  
3.3 Methodology 
All outcrops on Horseshoe Island were visited in the course of this field work during 
the summer of 2010. In total one hundred and three sites were documented, and 76 samples 
were collected (Table A1). 55 thin sections of these samples were made and analyzed using 
optical microscopy. Of these 39 are target rocks with 11 of these being duplicates of specific 
samples, 15 are impact breccia from 6 sites and one is impact melt rock. Some sections were 
coated with carbon and analyzed with a Hitachi S2500 scanning electron microscope (SEM) 
equipped with an energy dispersive spectrometer in the ZAPlab at the University of Western 
Ontario, London, Ontario, Canada, with an accelerating voltage of 15 kV and a working 
distance of 10.3 mm.  
To constrain the shock pressures involved, a U-stage mounted to an optical 
microscope was used to examine and measure PDF sets in 15 thin sections of target rock 
from 6 sites, and 9 thin sections of impact melt-bearing breccia. These sections were selected 
based on the greater number of quartz grains in these specific samples. PDF measurements 
were carried out using the methods described by Ferrière et al. (2009). This method allows 
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for the orientations of the PDFs to be determined by finding the c-axis of each individual 
grain being studied, then measuring the poles perpendicular to planes of all PDFs visible in 
the grain. The resulting data was plotted on a Wulff stereonet, and indexed using a 
stereographic projection template which displays the pole orientations of fifteen common 
PDF planes within a 5° envelope of measurement error (see stereonet and projection template 
in Ferrière et al. (2009)). PDF measurements were done on all accessable quartz grains in 
each section. 
 Raman spectroscopy was used to confirm the presence of diaplectic feldspar glass. 
This was carried out on a Renishaw InVia Reflex Raman Spectrometer located in Surface 
Science Western, London, Ontario, using a 514 nm laser, 1800 L/mm grating. 30-second 
accumulations were carried out with 5 accumulations per site.  
3.4 Results 
3.4.1 Parautochthonous Target Rocks 
A geological map of Horseshoe Island has been created using the survey data 
collected in this study, and is provided in Figure 3.1. This map is the most detailed that has 
been created of this island to date. In contrast to the original map, created by Currie (1971a), 
the current map shows the location of more and smaller outcrops, and includes occurrences 
of impactites not previously mapped or described in detail.  
The quartz monzonite and anorthosite found on Horseshoe Island are coarse grained, 
with feldspar grains up to three centimetres long in the monzonite and up to nine centimeters 
in the anorthosite. These lithologies may be distinguished from each other easily in the field 
by observing the nature of their weathering and colour. The quartz monzonite appears much 
more brittle and discoloured than the anorthosite, and is an orange or pinkish colour, and 
sometimes has a rusty appearance due to the orthoclase feldspar component. The weathered 
surface of anorthosite is smoother, and has a greyish appearance due to the high plagioclase 
feldspar content. In some anorthosite outcrops, labradorite crystals are observed. Quartz 
veins 5 mm to 3 cm in width are also found in some anorthosite outcrops, and on some larger 
outcrops glacial striae may be seen with an orientation of approximately 062 degrees. 
Observations of glacial striae at Discovery Hill show that glacial movement was from west to 
east (e.g., Mader 2016).  
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Figure 3.1. New geological map of Horseshoe Island at the Mistastin impact structure. This 
map shows the two main rock units, quartz monzonite and anorthosite. Darkly shaded areas 
indicate exposed outcrops. Over a hundred outcrops were investigated, some of which are too 
small to be visible on this map at this scale. Arrows indicate the six locations of impact melt-
bearing breccia found along the coast with a seventh occurrence located with melt rock near 
the center of the island. Dots indicate the origin locations for samples, with coloured dots 
showing where shock metamorphic features have been evaluated.  
 
The current map more accurately constrains the locations of previously mapped 
contacts between the two main rock types. In addition, an additional inferred contact not 
found in previous maps has been added in the southeastern tip of the island. While much of 
the island is covered with foliage, the physical contact between the quartz monzonite and 
anorthosite can be seen in two locations on the island (indicated by arrows in Figure 3.1). 
 
 
53 
These are sites 63 and 92 (Figure 3.2), and in both locations the contact between the two rock 
types is relatively sharp. A third locality, site 79, the contact is obscured by vegetation but 
may be constrained to within a few metres between visible quartz monzonite and anorthosite 
outcrops. For the rest of the map, the location of the contacts between the outcrops of 
differing rock units are inferred. 
In thin section, the quartz monzonite may be seen to consist primarily of plagioclase 
and orthoclase (alkali) feldspar, which make up approximately 70 to 80 vol% of the sample. 
Lesser amounts of pyroxene, hornblende, mica, zircon, and other mafic minerals are also 
present. Quartz is found in some samples but comprises less than 10 vol% of the rock. 
Calcite and quartz veins between 50 and 70 µm wide transect some samples; these and 
discoloured fractures serve as evidence of alteration. Myrmekite textures, created by the 
intergrowth of quartz in plagioclase, may be seen at the borders of some feldspar grains, and 
is typically a texture attributed to a partial melting/cooling event (e.g., Castle and Lindsley 
1993). Anorthosite consists primarily of plagioclase feldspar with less than 5 vol% other 
minerals. These samples lack the quartz and orthoclase found in the quartz monzonite, which 
makes them easy to distinguish from one another in thin section.  
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Figure 3.2. Images of the outcrop that shows the contact between the two rock units quartz 
monzonite and anorthosite at site 92. a) Red line shows the contact with anorthosite in the 
upper left of the image and monzonite in the lower right. 18 cm field notebook for scale. b) 
anorthosite unit. c) quartz mangerite unit.  
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3.4.2 Shock Metamorphic Features  
A variety of shock metamorphic features have been observed in the target rocks on 
Horseshoe Island. The samples are highly and irregularly fractured on a microscopic scale, 
with evidence of movement along these micro faults in many cases (Figure 3.3a). Quartz 
grains, where present, display multiple sets of PDFs (Figures 3.3b and c). Specific PDF sets 
in quartz are known to correlate with specific shock pressures (e.g., Robertson 1975; Grieve 
and Robertson 1976; Robertson and Grieve 1977; Stöffler and Langenhorst 1994; Dressler et 
al. 1998; Ferrière et al. 2009), therefore, orientation measurements were carried out with a U-
stage and optical microscope for samples of the target rock as well as the impact breccia. 
Collection locations for the samples containing the PDFs measured for this study are 
indicated by green dots on the map of Horseshoe Island (Figure 3.1). The majority of the 
PDF sets found in the host rocks are oriented parallel to {1013} and 1012  in varying 
abundances (Figures 3.4 and 3.5). Several instances of diaplectic feldspar glass (Figures 3.3d, 
e and f) were identified through optical microscopy and confirmed through Raman 
spectroscopy (Figure 3.6). These occurrences are indicated by yellow and orange and dots in 
Figure 3.1, showing locations with partial and complete transitions to diaplectic feldspar 
glass respectively. Shatter cones have also been noted on Horseshoe Island during other field 
investigations (Osinski personal communication 2019; Beauchamp personal communication 
2019) 
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Figure 3.3. Examples of shock metamorphic and other optical features found in the target 
rocks in Horseshoe Island a) Movement along shock induced fractures. b) Three sets of PDFs 
(orientations indicated by red lines) in a quartz grain found in quartz monzonite from sample 
MHI10-36. c) Three sets of PDFs (orientations indicated by red lines) and toasting in a quartz 
grain found in a sample of  monzonite from sample MHI10-36 (scale 200 µm). d) Conversion 
of half of a plagioclase feldspar grain into diaplectic glass in sample MHI10-27. e) Grain of 
diaplectic glass in sample MHI10-27. f) Grain of diaplectic glass in sample MHI10-27, plain 
polarized light. Scale bars are 500 µm and images are collected using cross-polarized light 
unless otherwise indicated. 
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Figure 3.4. The orientations of PDF sets found in six samples presented as frequency percent 
of the indexed planes for each specific crystallographic plane. Approximately 10% of 
measured planes were unindexed. All data was processed using a 5° range of angular error. 
In the case of overlapping indices {1013} and {1014}, orientations are counted as the 
1013  orientation. Locations for these samples can be found in Figure 3.1. 
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Figure 3.5. The orientations of PDF sets found in three samples of impact melt-bearing 
breccia. Presented as frequency percent of indexed planes for each specific crystallographic 
plane. Three thin sections from each sample were examined to increase the number of quartz 
grains included in this data set. Approximately 10% of the sets measured were unindexed 
planes. All data was processed using a 5° range of angular error. In the case of the 
overlapping indices for {1013} and {1014}, orientations are counted as {1013}. 
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Figure 3.6. Raman spectra of moderately shocked plagioclase feldspar (top) and diaplectic 
feldspar glass, sometimes referred to as maskelynite, (bottom) in sample MHI10-28, 
collected on Bullseye Island. Note the intense band broadening that accompanies the 
transition to maskelynite. Intensity of the maskelynite peaks have been exaggerated for the 
purposes of comparison, and are, in reality, approximately 1/10 of the intensity of the 
shocked feldspar.  
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3.4.3 Impact Melt Rock and Impact Melt-Bearing Breccia Dykes  
Allochthonous impactites have been found preserved at seven sites on Horseshoe 
Island (Figure 3.1). At site 43 (Figures 3.1, 3.7), impact melt rock is found in a number of 
small outcrops, largest of which is a well-exposed narrow (approximately two metre long) 
outcrop. Stratigraphically below the melt rock is impact melt-bearing breccia, though the 
contact between these impactites is not visible. The breccia in turn overlies quartz monzonite. 
The melt rock is easily distinguishable from the underlying breccia due to the lack of 
abundant lithic fragments, and distinctive weathering and linear vertical fracture patterns. 
The breccia contains small (<1 cm diameter) lithic clasts in a very fine grained matrix. This 
is the only outcrop of impact melt rock on Horseshoe Island that was observed. The melt 
rock consists of tabular crystallites of feldspar with rare lithic mineral fragments (Figures 
5.7e, f).  
There are six locations along the western coast of Horseshoe Island where impact 
melt-bearing breccia was observed (see arrows in Figure 3.1, Figure 3.8). At these sites, the 
breccia occurs as dykes in the host quartz monzonite. It should be noted that in this work the 
term “dyke” is used as a generic term for an intrusive body, as the original orientation of the 
intrusion is not clear and may have been rotated during uplift formation. (Figure 3.8). At 
these locations the contact between the breccia and the host monzonite is sharp (Figure 3.8a). 
Clasts range from <0.5 cm to ~10 cm across and, in some outcrops, flow patterns and sorting 
is observed (Figure 3.8b), with the larger clasts concentrated in the centre of the dyke (Figure 
3.8a).  
The impact melt-bearing breccias consist of sub-angular fragments of mainly 
orthoclase and plagioclase feldspar in a very fine grained matrix of the same material, with 
lesser amounts of quartz and mafic minerals (Figure 3.9). The majority of the quartz grains 
found in these samples contain planar deformation features (PDFs). The breccias also contain 
small (500 to 3000 µm) glass clasts, and, in some cases, these clasts appear to have been 
elongated by flow (Figure 3.10). It is notable that the glass clasts constitute <1 vol% of the 
breccia and, therefore, the criteria used in this study to assign the classification of “melt-
bearing impact breccias” to the breccias found in dykes on Horseshoe Island is based on the 
presence of these small and rare clasts of impact glass. It is not assigned based on the 
percentage of melt found in the breccia, as is done in Mader and Osinski (2018). 
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Figure 3.7. Field photos of impact melt rock and breccia outcrops at site 43, near the centre 
of Horseshoe Island. a) A portion of the melt rock outcrop (18 cm field notebook for scale). 
b) Close up view of the melt material (scale card is in centimetres). c) A portion of the 
breccia, found below the melt unit. d) A closer view of the breccia (scale card is in 
centimetres). e) Melt rock in thin section when viewed with an optical microscope (scale bar 
500 µm, cross-polarized light). f) A fragment of feldspar included in the melt (scale bar 100 
µm, cross-polarized light). 
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Figure 3.8. Example of some textures found in the impact melt-bearing breccia dykes. a) 
Impact melt-bearing breccia at site 67 with apparent flow sorting of larger fragments in the 
center of the dyke (red arrows). Contact with the host quartz monzonite indicated by yellow 
lines. b) Evidence of flow in the material from site 73 with a cm scale card.  
 
 
63 
 
 
Figure 3.9. Top: optical images of the impact melt-bearing breccia in thin section when 
viewed with an optical microscope (scale bars are 500 µm). a) Sample 39a b) Sample 56a. 
Bottom: BSE images of the impact melt-bearing breccia (scale bars are 500 µm). c) Sample 
60 d) Sample 58. Material consists mainly of feldspar fragments with a very fine-grained 
matrix.  
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Figure 3.10. Examples of impact glass clasts found in the impact melt-bearing breccia from 
sample MHI10-58 collected at site 70. Note the elongated vesicles in b. Images are taken in 
plane-polarized light, scale bars are 500µm.  
 
3.5 Discussion 
3.5.1 Shock Metamorphic Features 
In samples collected on Horseshoe Island, multiple PDF sets were found in quartz 
grains. The presence of PDFs in quartz indicates shock pressures between 10 and 35 GPa 
(Table 1) (e.g., Robertson and Grieve 1977; Stöffler and Langenhorst 1994; Therriault et al. 
2002; Langenhorst 2002; Stöffler et al. 2018). In order to more accurately constrain the shock 
pressures to which these quartz grains were subjected, the orientations of PDF sets were 
measured. The most distinctive characteristic of PDFs is that they are oriented parallel to 
specific crystallographic planes within the quartz lattice, and the orientations formed are 
dictated by the shock pressure the material is subjected (e.g., Hörz 1968; Huffman and 
Reimold 1996; French 1998; Ferrière et al. 2009). Because of the relative low percentage of 
quartz in the target rocks, there are a limited number of grains to examine. To help remedy 
this issue, multiple sections were made from six samples (MHI10-04, 12, 22, 36, 64 and 76, 
locations in Figure 3.1) in which quartz was found to be the most abundant. In total 311 sets 
of PDFs were measured in 126 quartz grains with an average of 2.7 sets per grain. By 
examining the distributions of PDF orientations, looking at the dominant PDF orientations 
A B
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(Figure 3.4) and making reference to the shock levels summarized in Table 3.1, an 
assessment of the shock level of these grains can be made.  
For all six samples examined, the majority of the PDF sets are oriented parallel to 
{1013}, with a lower percentage being parallel to {1012}. The {2241} orientation is also 
found in all but one sample (Figure 3.4). These are plotted with lesser amounts of 
“accessory” orientations including {1014} (Figure 3.4). It should be noted that the {1014} 
orientation was added to the stereographic projection template (SPT) along with four other 
new characteristic crystallographic orientations of PDFs by Ferrière et al. (2009). The 
validity of {1014} as a legitimate PDF plane has been debated among the authors of this 
study, and is included here to be consistent with the current literature for which this more 
recently revised SPT is typically used. Because of the overlap in the 5° envelopes for the 
{1013} and {1014} orientations, it is sometimes not possible to uniquely indexed PDF sets 
as {1013} . In these cases these planes are considered as the {1013}  orientation, as 
recommended by Ferrière et al. (2009). The relative prominence of the 1013  and {1012} 
orientations indicate a shock level of 3d (Table 3.1), which encompasses shock pressures of 
20-30 GPa. This conclusion was reached based on the fact that PDF orientations parallel to 
{1012} are present but not dominant, indicating pressures higher than 20 GPa but lower than 
30 GPa (e.g., Grieve and Robertson 1976; Stöffler et al. 2018).  
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Table 3.1. Summary of the shock effects in quartz and feldspar, which are used to indicate 
shock levels in the host rocks found in the central uplift of the Mistastin Lake impact 
structure.a    
Pressure 
(GPa) 
Shock Level 
(Singletona) 
Shock Level 
(Stöfflera) Quartz 
Plagioclase 
Feldspar Alkali Feldspar 
 
0 
 
0 
  
F-S1 
 
-----------------------Unshocked----------------------- 
 
1-5 
 
1 
  
F-S2 
 
Fracturing 
 
Fracturing 
 
Fracturing 
 
5-10 2  F-S3 
 
Planar fracturing: (0001) and 
{1011}, undulatory extinction 
Fracturing, 
undulatory 
extinction 
Fracturing, 
undulatory 
extinction 
10-12 3 
 
a Mosaicism, PDFs: parallel to 
(0001), {1011}, and {1013} 
 
Undulatory 
extinction, 
mosaicism 
PDFs, 
undulatory 
extinction 
12-15 b Quartz to stishovite, PDFs: {1013} 
and usually (0001) 
 
Mosaicism PDFs, 
undulatory 
extinction 
15-20 c Quartz to stishovite, PDFs: {1013} 
(dominant), and usually {2241}, 
(0001) 
 
Mosaicism PDFs 
20-30 d F-S4 
 
Reduced refractive indexes, lowered 
birefringence, stishovite, 
PDFs: {1012} (frequent or 
dominant) and usually {2241} and 
{1013} 
 
PDFs, 
mosaicism, 
diaplectic glass 
PDFs, reduced 
refractive 
indexes, lowered 
birefringence 
30-35 4  Coesite, optically homogeneous 
extinction. PDFs: {1012} 
(dominant) and usually {2241} and 
{1013} and “accessory” orientations 
absent at highest shock. 
 
PDFs, 
mosaicism, 
diaplectic glass 
Diaplectic glass 
35-45 
 
5 a F-S5 Diaplectic glass, coesite, no PDFs, 
optically homogeneous extinction 
 
Diaplectic glass Diaplectic glass 
 
45-50 
 
 b F-S6 
 
Diaplectic glass Melting Melting 
50-55 
 
 c Melting  
55-60 6  Loss of diaplectic outlines, flowed to frothy glass, 
 
60-80 7  F-S7 Complete melting of all minerals, frothy siliceous and minor mafic glasses 
 
80-100 8   Rock vaporization until complete vaporization at >100 GPa 
a Modified from Singleton et al (2011) and Stöffler et al. (2018) and compiled with PDF orientation data from 
Ferrière et al. (2009), Stöffler and Langenhorst (1994), and Grieve and Robertson (1976). 
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A previous shock level study, including U-stage based analysis, was carried out on 
samples from Horseshoe Island by Taylor and Dence (1969), in which PDFs in six grains 
were measured. These authors report an average of 4.5 PDF sets per grain and orientations 
(0001), 1013  and 1012 . Using these results, they classified four of their samples as 
“Type D” and two as “Type C”, in accordance with the classification used by Robertson et al. 
(1968) for other Canadian craters, indicating a “weak to moderate” level of shock 
deformation. In this shock terminology, “Type C” and “Type D” begin at the appearance of 
the {2241} and {1012} orientations respectively (Robertson et al. 1968). The current study is 
significantly more extensive, in terms of the number of grains and PDF sets investigated, but 
agrees with these earlier findings with regards to the shock pressures involved. The current 
study has a lower average of sets per grain than was found by Taylor and Dence (1969); 
however, this previous study only measured PDFs found in six grains, therefor the current 
results are considered to be more statistically significant and representative of the nature of 
PDFs in this central uplift.  
PDF orientation measurements were collected from quartz grains found within the 
breccia dykes. As is the case for the target rocks, very few quartz grains were found in each 
individual sample, therefore data from three sites is presented together. By examining the 
resulting data plot (Figure 3.5), it can be seen that the relative abundance of the diagnostic 
orientations indicates the same shock level as the parautochthonous target rocks. In addition 
to these shocked quartz grains, impact glass clasts were found in these breccias. Creating 
these melts would have required shock pressures above 55 GPa (e.g., Stöffler 1971; Grieve 
and Robertson 1976; Stöffler et al. 2018). These glass clasts do not have the physical 
characteristics of in situ melt formation (i.e., pseudotachylite), therefore their presence in the 
impact breccia indicates that the components of the breccia dykes (melt clasts and various 
lithic fragments) originate from variable proximities to the initial point of impact, and 
supports an intrusive method of emplacement for the dykes. This has implications for the 
understanding of these materials, as both in situ and intrusion hypotheses have been proposed 
for breccias found in impact structures. This is in agreement with the study conducted by 
Mader and Osinski (2018), in which dyke-like intrusions with similar characteristics to the 
ones found on Horseshoe Island were described for other locations around the Mistastin 
structure. In these intrusions Mader and Osinski (2018) found whole rock glass in the form of 
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clasts, and concluded that some of the material in the breccia has experienced peak pressures 
well over 60 GPa. The presence of flow textures and sorting within the breccias, which has 
been noted in this current study, combined with the presence of glass clasts, suggests a 
dynamic emplacement. 
Diaplectic feldspar (sometimes called maskelynite) has been noted at a number of 
sites in this study. Maskelynite is a diaplectic glassy phase of plagioclase feldspar, and has 
been reported at the Mistastin structure in previous studies (e.g., Bunch et al. 1967; Currie 
1971b). Currie (1971b) documented the presence of “optically anomalous plagioclase” and 
plagioclase glass on Horseshoe Island as well as on the north shore of the lake. Most 
recently, maskelynite was documented by Pickersgill et al. (2015), who noted it at several 
locations in the inner terrace, as clasts in breccias. Pickersgill et al. (2015) found no 
maskelynite on Horseshoe Island.  
In the current study, complete transitions to diaplectic feldspar glass are rare, and 
have only been confirmed at two locations in the central uplift (orange dots in Figure 3.1). 
One occurrence is found on Bullseye Island, and the other near the centre of Horseshoe 
Island. Partial transitions to maskelynite have also been observed at four additional locations 
across the island (yellow dots in Figure 3.1). The formation of diaplectic feldspar glass 
begins around 35 GPa and is complete around 45 GPa (Table 3.1) (e.g., Therriault et al. 
2002; Stöffler et al. 2018). In sample MHI10-27 all of the feldspar has transitioned to 
diaplectic glass, therefor 35-45 GPa is the peak shock pressure range assigned to the 
parautochthonous target rocks of the central uplift of the Mistastin Lake impact structure. 
It is interesting to note the wide range of pressures that are indicated by the shock 
metamorphic features on Horseshoe Island, with some samples only containing PDF 
orientations indicative of shock pressures no higher than 30 GPa, and others containing 
diaplectic glass which forms between 35-45 GPa. Samples containing diaplectic feldspar are 
found in close proximity to samples containing PDFs, and occur in thin sections with PDFs 
in several cases. Though these two shock features are not created in the same pressure 
ranges, it is possible for them to co-exist in a single sample because many factors, including 
grain size and composition, can affect an individual grain’s reaction to stress (e.g., Grieve 
and Robertson 1976; Dence 2004). It has been observed, in previous studies, that peak shock 
pressures experienced by individual grains may differ by up to 10 GPa within a single sample 
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(e.g., Robertson and Grieve 1977; Dence 2004). Due to this, the shock level for a given 
sample is assigned based on the most highly shocked component. Across the island we have 
observed a shock pressure range of 15 to 25 GPa, which is a broader range than expected in 
an area of this size. A possible contributor to the wide range of shock levels observed, is that 
the displacement of these target rocks upwards to form the central uplift, could result in rocks 
with different original depths (and therefore shock levels) being displaced upward to have 
their final positions at the same elevation. 
3.5.2 Shock Level and Erosion 
Shock attenuation studies have been carried out on a number of structures that have 
target material similar to Mistastin. In the course of these studies the peak shock pressures of 
the central target rocks have been assessed. Three structures are used here as comparisons for 
Mistastin due to the similar target material. These are the Siljan impact structure (Sweden), 
Charlevoix (Quebec, Canada), West Clearwater (Quebec, Canada) and the Slate Islands 
archipelago (Ontario, Canada). When these four and the Mistastin structure are compared 
(Table 3.2), the peak shock pressures for the other four are all very similar and range from 
17.5 to 25 GPa, which is significantly lower than our estimates for the Mistastin structure. Of 
these five structures, Mistastin is the youngest and has undergone the least amount of 
erosion. At Mistastin, it is estimated that glacial and fluvial erosion has removed between 10 
to 100 metres of target material and melt rock, which is minimal compared to the other four 
structures (e.g., Phinney and Simonds 1977; Grieve and Cintala 1992; Marion 2009; Marion 
and Sylvester 2010; Mader and Osinski 2018).  
The impact melt rock found on Horseshoe Island would have originated as part of the 
impact melt sheet, remnants of which are found around the Mistastin structure (e.g., Grieve 
and Cintala 1992; Marion 2009; Marion and Sylvester 2010; Mader and Osinski 2018). There 
are several possible explanations as to why impact melt rock has been found on the island. 
The first, and most likely, is that the uplift was initially coated with a relatively thin layer of 
melt. During an impact event of this size, melt and clastic debris lines the transient cavity at 
the end of the excavation stage, the central uplift is formed during the modification stage and 
is subsequently uplifted, resulting in a the new uplift being covered with a veneer of melt and 
brecciated material, and surrounded by the melt sheet at lower elevation. This placement of 
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melt rock has been observed in lunar craters (e.g., Cintala and Grieve 1998). Another, though 
less likely, possibility is that the final elevation of the central uplift did not exceed the depth 
of the surrounding melt sheet, and therefore the uplift was, at one time, completely covered 
by melt. The presence of a remnant portion of the thin veneer of impact melt rock on 
Horseshoe Island suggests that, although differential erosion has removed a portion of the 
central uplift, some of the highest topography of the uplift has been preserved with only 
minimal erosion. We suggest that this is the reason for the high shock pressures recorded in 
the central uplift of Mistastin compared to the other structures in Table 3.2, which are all 
more highly eroded. 
 
Table 3.2. Comparison of five complex/peak ring craters in crystalline targets. a 
Structure Crater type 
Size 
(km) Age (Ma) Erosion 
Peak pressure 
(GPa) Main target rocks 
Siljan Peak ring 75 380.9 ± 4.6 ~4 km 20 Granites 
Charlevoix Complex 54 357 ± 15 500 m - 1 km  23 Gneiss, anorthosite 
West Clearwater 
 
Transitional  
 
35-40 
 
286 ± 2.2 
 
~2 km 
 
17.5 
 
Granites, 
granodiorites, tonalites 
Slate Islands Complex 30 450 ~3 km 25 Meta volcanics 
Mistastin Complex 28 32.7 ± 1.2  <100 m  45 
Quartz monzonite, 
anorthosite 
a Table compiled with data from Holm et al. 2011; Holm-Awlmark et al. 2017 (Siljan) Robertson and Grieve 
1977; Robertson 1975; Dence 2004 (Charlevoix) Rea et al. 2017 (West Clearwater) Halls and Grieve 1976; 
Grieve and Robertson 1976; Robertson and Grieve 1977; Stesky and Halls 1983; Farley and McKeon 2015 
(Slate Islands) Dence 1972; Grieve 1975; Marion and Sylvester 2010; Young et al. 2013; Mader and Osinski 
2018 (Mistastin). Note that erosion levels are only estimates, as erosion tends to be inconsistent across an 
impact structure.  
3.6 Summary and Conclusions 
In this study a new and revised map of Horseshoe Island is presented, with all 
exposed outcrops plotted as well as rock unit contacts constrained with an increased level of 
detail and accuracy relative to the original map created by Currie (1971a). The shock level of 
the target rocks on the island have been determined by noting the various shock metamorphic 
features found in the parautochthonous target rocks, which indicate shock pressures ranging 
from 20 to 45 GPa. Diaplectic feldspar glass is the highest level of shock metamorphic effect 
found, and suggests a peak shock pressure of 45 GPa.  
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Six previously unstudied occurrences of impact melt-bearing breccia, emplaced as 
dykes along the western shore of the island during the impact event, have been documented. 
Impact glass found in the breccia indicates that some of the material incorporated in the 
breccia originated closer to the point of impact than the surrounding target rocks. This 
supports an intrusive rather than in-situ formation mechanism for these breccias. In addition, 
one outcrop of impact melt rock has been noted in the central portion of the island. This 
outcrop is proposed to be a remnant of a veneer of melt, which initially covered the central 
uplift. The presence of this melt helps determine that the degree of erosion of that portion of 
the uplift has been negligible, which explains why the shock level recorded in these 
parautochthonous target rocks is higher than the peak shock pressures recorded in the central 
uplifts of other similar impact structures.    
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Chapter 4 
4 Characterization of impact melt-bearing breccia dykes, impact 
glass clasts and impact melt rock from the central uplift of the 
Mistastin Lake impact structure, Labrador, Canada 
 
Alaura C. SINGLETON, Gordon. R. OSINSKI, and Richard A. F. GRIEVE 
 
4.1 Introduction 
Meteorite impact events generate pressures and temperatures that may reach several 
hundred gigapascals (GPa) and several thousand Kelvin (K) over very limited temporal 
scales, resulting in a unique environment in which distinctive features are created (e.g., 
Stöffler 1971; Langenhorst 2002; Grieve and Therriault 2004). These extreme conditions 
result in vaporization, melting and brecciation of the target rock, the creation of shock 
metamorphic features (e.g., French 1998; Therriault et al. 2002; Stöffler et al. 2018), and the 
formation of impact structures (e.g., Dence 1965; Melosh and Ivanov 1999; Langenhorst 
2002). Allochthonous impactites and shock metamorphic features have been found at the 
Mistastin Lake impact structure in a wide variety of locations and proximities to the crater’s 
centre (Taylor and Dence 1969; Grieve 1975; Marchand and Crocket 1977; Marion and 
Sylvester 2010; Pickersgill et al. 2015; Mader and Osinski 2018). On Horseshoe Island, 
which represents the eroded remnants of the central uplift, PDFs in quartz, and diaplectic 
feldspar glass have been found. The examination of these features allow for the shock 
pressures involved to be determine, and it has been estimated that a peak shock pressure of 
45 GPa was experienced by the parautochthonous target materials on Horseshoe Island 
(Chapter 3).  
At some complex structures (e.g., Manicouagan), the impact melt body created by the 
impact is primarily homogenous. At other structures, including Mistastin, studies have shown 
that there can be variations in the composition of the melt across an impact structure, which 
would indicate that mixing in some cases is not completed to the degree previously assumed. 
The Wanapitei impact structure, Canada (Grieve and Ber 1994), and the Popigai structure, 
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Russia (Kettrup et al. 2003) are examples of structures where the chemical composition of 
the impact melt rock varies between locations, suggesting incomplete mixing of melts on a 
large scale. Data collected from the impact melt rocks of the Mistastin structure indicates that 
this is also a structure where the melt rock composition varies from site to site (e.g., Marion 
and Sylvester 2010). It has been suggested that the final composition of the melt at a given 
location within a structure can vary due to numerous conditions, including size of the impact 
and the thickness of the melt sheet. Marion and Sylvester (2010) surmise that a major 
contributor to the variable compositions seen at Mistastin is the amount of fragments that 
have been entrained as the melt flows outward along the fragmented crater floor. To evaluate 
this, they conducted analysis of the bulk composition of the impact melt rock (including 
entrained fragments), and also on the matrix of the impact melt rock by avoiding entrained 
fragments. They found that the matrix of the impact melt at Mistastin formed from 73% 
anorthosite, 7% quartz monzonite (referred to as mangerite) and 20% granodiorite. 
During an impact event, dykes of both impact melt rock and a variety of impact 
breccias are created and are subsequently found in various locations in impact structures, and 
studies have been done to examine the occurrences of melt-bearing breccias as dykes in the 
target rocks of crater floors. Mader and Osinski (2018) present a thorough overview of the 
impactites found at Mistastin, with the exception of those found on Horseshoe Island, 
including descriptions of breccias with a variety of melt content in dyke-like intrusions into 
metamorphosed basement rocks. At the Mistastin structure breccias also occur underlying 
coherent impact melt rocks (e.g., Marion and Sylvester 2010; Mader and Osinski 2018).  
Here we present a detailed description of the various occurrences of allochthonous 
impactites found on Horseshoe Island, including an overview of the physical and chemical 
characteristics of impact melt-bearing breccia. In addition, we examine the impact glass 
clasts found in these breccias and, through the use of optical petrography, scanning electron 
microscopy (SEM), and electron microprobe analyses, describe these materials to discover 
their origin, and examine how they relate other impactites in the area.  
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Figure 4.1. Map of Horseshoe Island modified from Chapter 3. Arrows indicate locations 
where melt-bearing breccias are found on Horseshoe Island. The sites correspond to the 
following sample numbers: site 43 – Sample MHI10-39, site 67 – sample MHI10-56, site 70 
– sample MHI10-58, site 71 - MHI10-59, site 73 – sample MHI10-60. 
4.2 Geological Settings 
The Mistastin (Kamestastin) Lake impact structure is located in central Labrador, 
Canada (55°53’N 63°18’W). It is a complex impact structure that has an apparent diameter of 
approximately 28 km (e.g., Dence 1972; Grieve 1975). The age of the Mistastin event is 
estimated at 32.7 ± 1.2 Ma based on (U-Th)/He age dating of zircons (Young et al. 2013). 
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Horseshoe Island lies in the approximate centre of Mistastin Lake. This 3 by 4 km island is 
what remains of the central uplift of the Mistastin impact structure, and was originally 
mapped by Currie (1971). A new map has been presented in Chapter 3 of this thesis, which is 
more detailed, with regards to contact and outcrop positions, and more accurate than previous 
maps (Figures 3.1 and 4.1). The two main rock types on the island are quartz monzonite and 
anorthosite, and constitute the vast majority of the material found on the island, primarily in 
the form of scattered glaciated outcrops. The remainder of the island is covered with dense 
brush and moss and some wooded areas. Further descriptions of the target rocks on 
Horseshoe Island may be found in Chapter 3.  
From previous studies conducted around the Mistastin structure, impact melt rocks 
have been found to be aphanitic to glassy, with some containing vesicles and ranging from 
clast-rich to clast-free, with the clast content increasing with closer proximity to the 
underlying brecciated basement (e.g., Marion 2009; Marion and Sylvester 2010; Mader and 
Osinski 2018). This material is found distributed over the western two thirds of the edge of 
the lake with a thickness that varies from exposure to exposure (e.g., Grieve 1975; Marion 
2009; Marion and Sylvester 2010). It is unevenly distributed on top of the target rocks and is 
not preferentially associated with any particular target lithology (e.g., Marion 2009; Mader 
and Osinski 2018). One occurrence of impact melt rock, found overlying breccia and quartz 
monzonite, has been identified near the centre of the Horseshoe Island (Chapter 3) (Figure 
4.1). This outcrop is believed to be part of a veneer of melt rock over the central uplift, which 
has been subsequently eroded. The presence of this remnant melt on the island helps to 
demonstrate that the post-impact erosion of the central uplift has been minimal. In addition 
the melt rock, six occurrences of impact melt-bearing breccia have been found in the form of 
dykes along the western shoreline of the island, and are believed to have an intrusive origin 
(Chapter 3) (Figure 4.1).  
It is believed that the breccia materials observed on Horseshoe Island are found only 
on the western shore of the island due to different erosion and deposition environments. This 
can be attributed partially, if not solely, to the direction of the glacial erosion that has scoured 
the region. On the western side of the island, the shore mainly consists of smooth outcrop and 
cliffs with excellent exposure, whereas the eastern shoreline is dominated by vegetation with 
scattered pebble beaches. It is interpreted, based on existing knowledge of central uplift 
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formation, that the breccia dykes is likely distributed throughout the central uplift material, 
and would be observed across the whole island if the outcrops were not obscured. 
4.3 Methodology 
On Horseshoe Island in Lake Mistastin, 103 sites were visited and documented during 
the summer of 2010, and 76 samples were collected (Table A1). The majority of these sites 
are comprised of glaciated outcrops of either quartz monzonite or anorthosite, with a small 
number of melt rocks and breccias. The six occurrences of breccia dykes and out impact melt 
outcrop found on the island are the focus of this study. Thin sections of a number of samples 
were made and analyzed using optical microscopy and a scanning electron microscope 
(SEM). The SEM used was a Hitachi S2500 SEM, located in the ZAPlab at the University of 
Western Ontario, London, Ontario, and the operating conditions were 15.0 kV with a 
working distance of 10.3mm.  
Analyses were carried out using electron microprobes to explore the chemical 
compositions of the glass clasts. Two sets of microprobe data were collected. For the first set 
the microprobe used is a JXA JEOL-8900L and is located at McGill University, Montréal, 
Quebec. The operating conditions were 15 kV, beam current of 20 nA, beam size of 5 µm 
and a counting time of 20 seconds. Using these conditions, eleven impact glass clasts were 
analyzed, with four to ten spots collected per clast. Many of the glass clasts have numerous 
fragment inclusions, vesicles and partially incorporated melts, therefore this method and 
beam size were chosen to ensure that only the matrix portion of the glass was sampled; thus, 
providing a more accurate compositional average for the matrix of the clasts (Table A2).  
The second data set was collected using a JEOL JXA-8530F field-emission electron 
microprobe located in the Earth and Planetary Materials Analysis Laboratory at the 
University of Western Ontario. The operating conditions were 15 kV, beam current of 20 nA, 
beam size of 20 µm and a counting time of 30 seconds. Using these conditions, six clasts 
were analyzed, with twenty to forty spots collected per clast (Table A3). Because of the beam 
size used when collecting this data set, portions of the entrained fragments were included 
resulting in “dirty” analysis for all but two glass clasts. This data may therefore be analysed 
and compared to the matrix values to assess the nature of the entrained material. This is not a 
true bulk analysis of this material as the collection method would underrepresent the 
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contribution by the fragments, and is therefore only used to demonstrate a trend. For clasts 
39-1-c1 and 59-cD this beam size was capable of analyzing the matrix while avoiding 
entrained fragments, therefore these data sets have been added to the other matrix analyses. 
Again using the JEOL JXA-8530F field-emission electron microprobe, EDS spectra was 
collected from a sample of melt rock to discover its bulk composition. To accomplish this, 
fifteen regions within then melt rock sample were analyzed and the average of the resulting 
data was taken to represent the normalized bulk composition of the melt (Table A4).  
Using this microprobe data, a principal component analysis was calculated using the 
program ioGAS version 6.1. Model chemical compositions were calculated using least-
squares mixing models to determine the proportions of each target rock contribution to the 
impact glass clasts (e.g., Bryan et al. 1969; Wright and Doherty 1970; Marion and Sylvester 
2010). These calculations were assisted by MATLAB (The Math Works, Inc.) software, 
where the common inverse least-squares function x = inv(A’*A)* A’*b was converted to a 
MATLAB function, where χ ≥ 0 as[χ, lambda] = lsqnonneg(A,b) to avoid a negative 
proportion. Mixing model rock compositions for each sample were calculated and a reduced 
chi-squared statistical test was applied to each sample to provide an estimate of the overall 
goodness of fit for the proposed target rock proportions. 
4.4 Results 
4.4.1 Field Observations  
There are six sites on Horseshoe Island where impact melt-bearing breccia was found, 
and one site where impact melt rock was also identified. Site 43 is located near the centre of 
the island (Figure 4.1), and at this location quartz monzonite, impact melt rock and impact 
breccia are all found in small outcrops on the side of a steep hill. The melt rock at this 
location is relatively clast-poor (Figures 4.2a, b), but does contain rare lithic fragments of 
feldspar and quartz. The melt rock is dark grey and has weathering and fracture patterns that 
distinguish it from the breccia (Figure 4.2a). At this site the melt rock overlies impact melt-
bearing breccia (Figures 2c, d), which in turn overlies the quartz monzonite (Figures 4.2e, f). 
The breccia contains small (<1 cm) clasts, including fragments of quartz and feldspar, within 
a very fine-grained matrix (Figure 4.2d). Unlike the other occurrences of impact breccia 
found in the islands, at this site the exposed breccia seems to exist as a layer between the 
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melt rock and the target rock, rather than as an intrusive dyke. This is similar to the 
relationship between the impact melt rock and underlying breccia that has been described in 
other parts of the impact structure (e.g., Mader and Osinski 2018). The contact between the 
melt and impact breccia is obscured by vegetation, but can be constrained to within half a 
metre.  
There are five locations along the western coast of the island, where breccia is found 
in the form of dykes (Figure 4.1, 4.3) (note that in this work the term “dyke” is used as a 
generic term for an intrusive body as the original orientation of the intrusion is not clear and 
may have been rotated during uplift formation). Six dykes in total were observed. The 
thickness, orientation and clast size varies from site to site (Table 4.1). In some dykes, clast 
sorting and elongated melt textures are seen within the breccias (Figure 4.4). In all cases, the 
breccia dykes are flanked by quartz monzonite.   
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Figure 4.2. Field photos from site 43. a and b) Melt rock, sample MHI10-38. c and d) Impact 
breccia. e and f) Quartz monzonite. This is the only known occurrence of melt rock on 
Horseshoe Island and it appears that at this location the breccia exists as a layer rather than as 
dyke. Scale card is in centimetres.  
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Table 4.1. Summary of field observations made at six breccia dykes found along the western 
edge of Horseshoe Island. 
Site Samples Thickness (m) Orientation Clast Size Clast sorting Flow textures  
67 (1) MHI10-56 0.5 horizontal < 1 mm – 3 cm yes yes 
67 (2) - 0.4 inclined < 1 mm – 2 cm no no 
70 MHI10-58 0.75 inclined < 1 mm – 3 cm yes no 
71 MHI10-59 0.5 - 1 near horizontal < 1 mm – 10 cm no no 
73 MHI10-60 0.4 horizontal < 1 mm – 1 cm yes yes 
79 - > 0.4 near horizontal < 1 mm - 1 cm  no no 
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Figure 4.3. The six impact melt-bearing breccia dykes found along the western coast of 
Horseshoe Island. Contacts between target rock and breccia dykes are indicated by yellow 
lines.  a) Site 67 and in with sorting apparent in the centre of the dyke. b) The second dyke 
found at site 67. c) Site 70. d) Site 71a. e) Site 79 where only top contact of dyke can be seen, 
with standard rock hammer for scale. f) Site 73.  
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Figure 4.4. Physical characteristics of impact breccia dykes. a) The top contact between the 
breccia and the host quartz monzonite at site 71. b) The top contact between the breccia and 
the host monzonite at site 73. c and d) Elongated melt textures seen in the breccia at site 79. 
Scale card is in centimetres. 
4.4.2 Optical and Microprobe Observations and Analyses   
In general, the impact breccia samples can be seen to consist of abundant angular to 
sub-angular clasts, primarily feldspar (plagioclase and orthoclase) and quartz, with a small 
percentage of other minerals (e.g., pyroxene and mica) in a fine-grained matrix (Figure 4.5). 
Many quartz grains found in the breccia show planar deformation features (PDFs) (Figure 
4.5c). Within the impact breccia, a variety of small melt clasts were observed, which may be 
distinguished from the surrounding mineral fragments by colour and texture, and range in 
size from 500 µm to 3000 µm. Some of these are glass clasts, which appear dark brown or 
black when viewed with an optical microscope, have sub-rounded edges, and have slightly 
gradational to sharp contacts with the surrounding material. They are visually homogeneous 
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with some having vesicles ranging in size from several microns to two hundred microns. In 
some cases, the vesicles have been elongated (Figure 4.6a). Clasts also contain sub-angular to 
rounded lithic fragments. Another noteworthy type of melt clast found in the breccias, that 
have a similar appearance to the glass clasts, are deformed and melted lithic fragments 
(Figure 4.6c, d). These appear banded, are sub-rounded in shape, have slightly gradual 
margins, and lack large vesicles. The differences between the structures of the glass clasts 
and deformed fragments may be more clearly seen in BSE images (Figure 4.6). To examine 
the internal nature of these clasts and fragments, element maps were collected using an 
electron microprobe (Figure 4.7). In these maps distinct compositional variations can be seen 
in the two clast types, with the deformed lithic fragments consisting of bands of various 
compositions, and the glass clasts being more uniform with more subtle internal 
heterogeneity. 
There is one large clast that does not fit particularly well with either of the 
aforementioned clast types. Clast 56-2-c1 is larger than many of the others and appears to be 
a broken fragment rather than a rounded clast. Examination of the clast shows regions of 
clast rich melt rock and clast dominated polymict breccia. It is possible that this is a fragment 
from the transition zone between impact breccia and the overlying melt rock.     
To assess the chemical characteristics of the glass clasts (Figure 4.9), electron 
microprobe data was collected with two sets of operating conditions. A 20µm beam was used 
to measure the composition of the clasts including a portion of the entrained fragments. The 
purpose of this was to determine the nature of the entrained materials, though the actual 
results may indicate a lower volume of the entrained material than is actually the case. A 
5µm beam was used to focus on the matrix portion of the glass clasts, while avoiding 
entrained fragments (Table 4.2).  
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Figure 4.5. Optical microscope images of impact melt bearing breccia. The majority of the 
fragments are plagioclase and orthoclase feldspar with some fragments of quartz, biotite, 
pyroxene, and olivine. a) Sample MHI10-39, scale bar 500µm. b) MHI10-56, scale bar 
500µm. c) MHI10-43 with quartz grain containing PDF sets indicated by red arrow, scale bar 
200µm. d) MHI10-60, scale bar 500µm. The image in frame ‘a’ was taken in plane-polarized 
light and all others were taken using cross-polarized light.  
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Figure 4.6. BSE images of examples of the two types of melt clasts found in the breccia at 
Horseshoe Island. a and b) Examples of glass clasts. a) Glass clast MHI10-58 cD displaying 
vesicular texture with stretched vesicles (orange arrows) and elongated lithic fragments 
(yellow arrows), scale bar 400µm. b) Glass clast MHI10-58 F with some vesicles (orange 
arrows) and small lithic clasts derived from the target rock (yellow arrows), 200µm. c and d) 
(Samples MHI10-39a and MHI10-56a respectively) Examples of deformed lithic fragments, 
both clearly show a differentiated texture and a lack of vesicles, scale bars 400µm. Clasts are 
outlined in red to help define the clast boundaries.   
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Figure 4.7. Element maps for various elements collected using an electron microprobe from 
one glass clast (sample MHI10-58) and one deformed lithic fragment (sample MHI10- 56a). 
 
 
Figure 4.8. BSE image of clast 56-2-c1 which shows a layer of clast rich melt rock and a 
layer of ploymict breccia. Scale bar is 1mm. 
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Figure 4.9. BSE images of the eleven glass clasts from which microprobe data was collected. 
a) 39-1-c2. b) 56-1-c1. c) 56-1-c6. d) 56-2-c5. e) 58-1-c3. f) 58-1-c4. g) 58-1-c7. h) 58-2-c1. 
i) 58-2-c3. j) 58-2-c4. k) 60-1-c2. Clast 58-cD not shown. Scale bars are 500 µm. 
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Table 4.2. Summary of electron microprobe data collected from glass clasts from four 
locations. Matrix values are an average of 4 to 40 spots per clast. Fragments-in analysis 
values are an average of 20 to 40 spots per clast. Values are shown in wt%. Low are likely 
due to alteration of the entrained fragments. Raw data is found in Tables A2 and A3. 
 
Sample SiO2 Al2O3 Na2O MgO CaO K2O FeO TiO2 MnO P2O5 Total 
Matrix 39-1-c2  56.01 15.69 3.04 1.48 3.55 5.37 9.19 1.27 0.19 0.43 96.21 
 
SD 0.71 0.20 0.13 0.09 0.18 0.33 0.65 0.08 0.02 0.04 
 
 
56-1-c1  52.43 15.64 2.27 1.77 4.96 3.20 12.08 1.51 0.18 
 
94.05 
 
SD 0.73 0.42 0.07 0.07 0.13 0.1 0.33 0.04 0.02 
  
 
56-1-c6  58.99 14.38 2.42 1.47 3.10 3.75 8.97 1.10 0.21 
 
94.39 
 
SD 1.03 0.34 0.04 0.05 0.05 0.36 0.11 0.01 0.01 
  
 
56-2-c5  59.31 14.23 2.50 1.54 3.44 3.80 9.58 1.18 0.24 
 
95.82 
 
SD 0.42 0.25 0.09 0.1 0.12 0.35 0.33 0.05 0.01 
   58-cD 55.50 15.17 3.00 1.41 5.11 4.05 10.27 1.19 0.16 0.49 96.36 
 SD 0.40 0.24 0.14 0.05 0.10 0.14 0.37 0.05 0.02 0.04  
 
58-1-c3  61.50 15.27 3.20 1.24 3.18 4.44 7.74 0.92 0.17 
 
97.67 
 
SD 0.53 0.41 0.35 0.13 0.29 0.95 0.62 0.05 0.05 
  
 
58-1-c4  57.33 16.25 2.47 1.21 4.63 4.39 8.80 1.34 0.15 
 
96.56 
 
SD 0.5 0.18 0.27 0.12 0.4 0.56 0.62 0.07 0.01 
  
 
58-1-c7  61.13 14.52 2.30 1.18 3.35 4.90 7.64 0.94 0.13 
 
96.07 
 
SD 2.67 1.26 0.13 0.22 0.23 1.01 0.91 0.15 0.02 
  
 
58-2-c1  59.95 14.35 2.51 1.73 3.25 4.21 8.97 1.07 0.17 
 
96.19 
 
SD 1.4 0.57 0.22 0.14 0.07 0.28 0.5 0.06 0.03 
  
 
58-2-c3  54.58 13.69 2.31 2.02 6.57 3.56 11.89 1.23 0.28 
 
96.12 
 
SD 1.03 1.32 0.25 0.1 0.33 0.29 0.86 0.11 0.02 
  
 
58-2-c4 60.25 14.82 2.56 1.88 3.11 3.93 8.77 1.02 0.15 
 
96.49 
 
SD 0.55 0.93 0.56 0.26 0.36 0.69 0.39 0.13 0.02 
  
 
60-1-c2  53.54 14.23 1.68 1.60 4.41 3.10 11.23 1.41 0.17 
 
91.36 
 
SD 1.95 0.33 0.31 0.04 0.19 0.43 0.3 0.13 0.01 
  Fragments 
included 56-1 c1 50.96 15.33 2.22 1.70 5.30 3.01 11.12 1.20 0.19 0.59 91.61 
 
SD 0.71 0.31 0.17 0.09 0.26 0.28 0.65 0.12 0.02 0.07 
 
 
56-1 c6 55.21 15.20 2.90 1.44 2.99 3.65 8.12 0.82 0.20 0.38 90.90 
 
SD 2.28 1.05 0.36 0.23 0.33 0.96 1.14 0.18 0.03 0.07 
 
 
56-2 c5 55.67 15.34 2.85 1.32 3.61 3.36 8.02 0.83 0.19 0.42 91.62 
 
SD 1.80 1.04 0.23 0.08 0.41 0.62 0.58 0.09 0.02 0.07 
 
 
58-1 c3 56.40 15.47 2.76 1.29 3.33 3.78 7.47 0.73 0.15 0.55 91.92 
 
SD 2.97 1.49 0.36 0.27 1.21 0.54 1.19 0.12 0.02 0.83 
 
 
58-1 c4 53.93 16.33 2.85 1.18 4.48 4.00 8.15 0.98 0.14 0.42 92.48 
 
SD 3.07 0.64 0.27 0.14 0.53 0.82 0.83 0.12 0.02 0.06 
 
 
60-1 c2 51.70 14.40 1.95 1.55 4.90 2.91 10.55 1.11 0.18 0.53 89.78 
 
SD 2.03 0.77 0.23 0.06 1.40 0.21 0.47 0.07 0.04 0.06 
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4.5 Discussion 
Different emplacement mechanisms have been suggested for the wide range of 
impactites found in the floors of impact structures. The two main possibilities are for a 
material to be formed in-situ or intruded into pre-existing fractures in the target rock from 
elsewhere in the impact sequence (e.g., Floran et al. 1978; Reimold et al. 1990; Therriault 
1992; Osinski et al. 2018). It has been shown, in previous studies, that material in a newly 
excavated crater may be forced downward into the target rocks, which results in dykes and 
veins (e.g., Floran et al. 1978; Reimold et al. 1990; Therriault 1992; Osinski et al. 2018). The 
intrusion method of emplacement for the breccias described in this study is supported by a 
number of observations. First is the outcrop scale evidence of flow in the dykes including 
elongated pods of melt (Figure 4.4d) and clast sorting (Figure 4.3a), both of which are 
indications that the material flowed (e.g., Dressler and Sharpton 1997, Masaitis 2005). On a 
microscopic scale, elongation of melt clasts and elongated vesicles within the impact glass 
clasts can be seen, all of which also indicate a dynamic emplacement (Figures 4.6a). In 
addition to fragments of whole rock melts, the dykes contain quartz grains with PDFs (Figure 
4.6c). Whole rock melts form between pressures of 60 and 80 GPa, depending on lithology, 
whereas PDFs form in quartz between 10 to 35 GPa (e.g., Stöffler and Langenhorst 1994; 
French 1998; Therriault et al. 2002; Stöffler et al. 2018). The pressures required to create 
these glass clasts exceeds the shock pressures estimates that have been assigned to the 
surrounding quartz monzonite (Chapter 3). This suggests that at least some portion of the 
incorporated material originated from a location closer to the point on impact, therefore 
ruling out an in-situ formation. 
This study aims to discover the chemical characteristic and, as far as possible, the 
origin of the glass clasts found in intrusive breccia dykes in the central uplift of the Mistastin 
structure. To this end, electron microprobe analyses were carried out and can be used to 
compare the composition of the glass clasts to the target rocks (Table 4.3), and also to impact 
melt rocks from around the impact structure. This comparison was accomplished using a 
variety of methods. First, to examine the variations between these materials, a classic 
principal components analysis was done to compare the multiple geochemical variables. This 
method can be used to transform a group of correlated variables (e.g., the major element 
oxides), such that the first few components account for a large proportion of the variance of 
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the original data set (e.g., Maronna 1976; Campbell 1980; Jolliffe 2014). Here, we present 
two principal component plots, one for the fragments-in analyses (Figure 4.10) and one for 
the matrix (Figure 4.11).  
 
Table 4.3. Target rock compositions used for mixing models presented in Tables 4.4 and 4.5 
below. Values are shown as weight percent. Data from Marion and Sylvester (2010). 
		 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 
Anorthosite 53.36 0.32 24.6 3.66 0.06 2.73 9.28 3.64 0.63 0.12 
Quartz 
monzonite 
61.37 1.25 13.74 8.99 0.17 1.09 5.36 1.93 3.5 0.14 
Granodiorite 65.98 0.66 14.49 5.42 0.09 0.54 2.15 3.97 4.25 0.20 
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Figure 4.10. Classic principal components analysis plot for the composition of impact glass 
clasts including a portion of the entrained lithic fragments, plotted with the main target rocks 
found at the Mistastin structure and with average bulk melt rock values calculated by Marion 
and Sylvester (2010). Impact melt rock and target rock values may be found in Marion and 
Sylvester (2010) and are devided into low and high HFSE (high field strength elements) 
content.  
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Figure 4.11. Classic principal components analysis plot for the matrix portion of impact glass 
clasts, plotted with the main target rocks found at the Mistastin structure, melt rock from 
Horseshoe Island and values calculated by Marion and Sylvester (2010) for the matrix of the 
impact melt rock found around Mistastin Lake. Impact melt rock and target rock values may 
be found in Marion and Sylvester (2010).  
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The principal components plot for the fragments-in analyses (Figure 4.10), shows a 
clear distinction between the average values for the impact melt rocks (from Marion and 
Sylvester 2010) and the glass clasts found in the central uplift. Marion and Sylvester (2010) 
found that the impact melt rock is derived mostly from anorthosite, with more minor 
contributions of quartz monzonite and granodiorite. This is consistent with Figure 4.9, where 
the average impact melt rock values are plotting between the points for these three main 
target rocks. Conversely, the points representing the glass clasts are found near the point 
representing quartz monzonite, indicating that these small portions of melt are derived from a 
more significant proportion of that target material.  
By examining the principal components plot for the matrix analyses (Figure 4.11), an 
even greater distinction between the impact melt rocks and the impact glass clasts can be 
observed. When analyzing the matrix of the melt rock from various locations, Marion and 
Sylvester (2010) found that, when the entrained rock fragments were excluded, that 
anorthosite made up a much more significant component of the melt, with the entrained 
fragments consisting primarily of quartz monzonite. Conversely, for the glass clasts from this 
study, the matrix plots quite closely with and beyond monzonite, indicating, again, that this 
glass is derived primarily from that target rock. The melt rock found on Horseshoe Island is 
also included in this plot, and is also found near the monzonite and the glass clasts. 
To more accurately constrain the composition of the glass clasts, relative to the target 
rocks and impact melt rocks, mixing model calculations were carried out on both the 
fragments-in and matrix compositions of these clasts (Tables 4.4, 4.5). We have found that 
the best results to the model are achieved by including only quartz monzonite and anorthosite 
in the calculations. This combination yields the most statistically significant result, and is 
also geologically logical, as these are the only two target rocks found in significant quantities 
on Horseshoe Island. Using these results, we calculate that the matrix of the glass clasts are 
derived from an average of approximately 92% ± 8% quartz monzonite and 8% ± 5% 
anorthosite (Table 4.4). When the second data set, including a portion of the entrained 
fragments, is considered, the result is an average of 82% ± 4% quartz monzonite and 17% ± 
3% anorthosite (Table 4.5). The increase in the anorthosite component when the lithic 
fragments are included in the analysis indicates that these glass clasts are primarily quartz 
monzonite derived with entrained fragments of anorthosite. Again, the true proportion of 
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fragments is likely underrepresented in these results, and is only used to illustrate the trend 
towards increased anorthositic composition with inclusion of the fragments. These results are 
consistent with the trends observed in Figures 4.10 and 4.11. 
 
Table 4.4. Chemical composition and the results of mixing model calculations for the matrix 
of twelve glass clasts from four samples, and carried out using normalized average 
compositions for each sample. Target proportion results represent the most likely 
contributions from the main target rocks to the matrix portions of these impact glass clasts, 
and are represented as percent values.  
 
39-1-c1 SD 56-1-c1 SD 56-1-c6  SD 56-2-c5 SD 58-cD SD 58-1-c3 SD 
SiO2 58.17 0.70 55.75 0.46 58.00 3.21 61.90 0.32 57.55 0.36 62.70 0.46 
TiO2 1.32 0.08 1.61 0.04 1.46 0.21 1.23 0.06 1.24 0.06 1.01 0.05 
Al2O3 16.29 0.20 16.63 0.38 16.16 0.75 14.85 0.24 15.73 0.24 15.42 0.40 
FeO 9.54 0.68 12.85 0.35 11.73 1.61 10.00 0.36 10.65 0.37 8.43 0.65 
MnO 0.19 0.02 0.19 0.02 0.20 0.02 0.25 0.01 0.16 0.02 0.19 0.05 
MgO 1.53 0.10 1.88 0.07 1.77 0.17 1.61 0.10 1.47 0.05 1.36 0.14 
CaO 3.69 0.19 5.28 0.13 4.61 0.94 3.59 0.14 5.30 0.10 3.25 0.30 
Na2O 3.16 0.13 2.42 0.07 2.47 0.10 2.61 0.09 3.12 0.15 2.78 0.36 
K2O 5.58 0.34 3.40 0.10 3.59 0.34 3.97 0.36 4.20 0.14 4.85 0.97 
             
Target proportions % 
Anorthosite 12.8 
 
15.9 
 
11.4 
 
0.4 
 
12.9 
 
4.5 
 Quartz 
monzonite 84.6 
 
78.9 
 
85.9 
 
100.9 
 
83.7 
 
98.2 
 
Total 97.4 
 
94.8 
 
97.3 
 
101.3 
 
96.6 
 
102.7 
 
             
Mixing model melt rock compositions 
SiO2 58.73 
 
56.95 
 
58.84 
 
62.12 
 
58.25 
 
62.69 
 
TiO2 1.10 
 
1.04 
 
1.11 
 
1.27 
 
1.09 
 
1.25 
 
Al2O3 14.77 
 
14.77 
 
14.62 
 
13.96 
 
14.67 
 
14.61 
 
FeO 8.07 
 
7.68 
 
8.15 
 
9.08 
 
8.00 
 
9.00 
 
MnO 0.15 
 
0.14 
 
0.15 
 
0.17 
 
0.15 
 
0.16 
 
MgO 1.27 
 
1.29 
 
1.25 
 
1.11 
 
1.26 
 
1.19 
 
CaO 5.72 
 
5.71 
 
5.67 
 
5.44 
 
5.68 
 
5.68 
 
Na2O 2.10 
 
2.10 
 
2.07 
 
1.96 
 
2.08 
 
2.06 
 
K2O 3.05 
 
2.87 
 
3.08 
 
3.54 
 
3.02 
 
3.47 
 
             
Goodness of fit: reduced chi-squared 
 
0.49 
 
0.56 
 
0.31 
 
0.16 
 
0.25 
 
0.25 
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Table 4.4. Continued. 
 
58-1-c4 SD 58-1-c7 SD 58-2-c1 SD 58-2-c3 SD 58-2-c4 SD 60-1-c1 SD 
SiO2 60.85 1.73 63.61 2.48 62.32 1.05 60.29 2.98 62.45 0.88 58.59 0.45 
TiO2 1.22 0.19 0.98 0.16 1.11 0.05 1.17 0.18 1.06 0.13 1.54 0.10 
Al2O3 16.20 0.76 15.11 1.33 14.91 0.52 15.15 1.30 15.35 0.80 15.60 0.83 
FeO 8.81 0.72 7.96 0.97 9.32 0.53 9.95 1.88 9.09 0.53 12.30 0.21 
MnO 0.17 0.04 0.13 0.02 0.17 0.03 0.21 0.07 0.16 0.02 0.19 0.01 
MgO 1.30 0.14 1.23 0.23 1.80 0.16 1.70 0.41 1.95 0.30 1.75 0.07 
CaO 4.11 0.85 3.49 0.26 3.37 0.07 4.70 1.59 3.22 0.34 4.82 0.12 
Na2O 2.65 0.34 2.39 0.14 2.61 0.22 2.53 0.34 2.64 0.56 1.83 0.29 
K2O 4.68 0.80 5.10 1.05 4.37 0.29 4.30 0.82 4.06 0.69 3.39 0.41 
             
Target proportions % 
Anorthosite 12.2 
 
2.4 
 
1 
 
6.1 
 
4.2 
 
6.2 
 Quartz 
monzonite 88.9 
 
101.3 
 
100.8 
 
93.5 
 
98.2 
 
91.5 
 
Total 101.1 
 
103.7 
 
101.8 
 
99.6 
 
102.4 
 
97.7 
 
             
Mixing model melt rock compositions 
SiO2 61.08 
 
63.47 
 
62.43 
 
60.67 
 
62.50 
 
59.46 
 
TiO2 1.15 
 
1.28 
 
1.27 
 
1.19 
 
1.24 
 
1.17 
 
Al2O3 15.22 
 
14.51 
 
14.11 
 
14.36 
 
14.52 
 
14.10 
 
FeO 8.44 
 
9.20 
 
9.10 
 
8.63 
 
8.98 
 
8.45 
 
MnO 0.15 
 
0.17 
 
0.17 
 
0.16 
 
0.16 
 
0.15 
 
MgO 1.30 
 
1.17 
 
1.12 
 
1.18 
 
1.18 
 
1.16 
 
CaO 5.90 
 
5.65 
 
5.50 
 
5.58 
 
5.65 
 
5.48 
 
Na2O 2.16 
 
2.04 
 
1.98 
 
2.03 
 
2.05 
 
1.99 
 
K2O 3.19 
 
3.57 
 
3.54 
 
3.32 
 
3.47 
 
3.25 
 
             
Goodness of fit: reduced chi-squared 
 
0.18 
 
0.23 
 
0.21 
 
0.13 
 
0.24 
 
0.31 
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Table 4.5. Chemical composition of six impact glass clasts from three samples including 
portions of entrained fragments, and the results of mixing model calculations. Normalized 
average compositions for each sample are shown. Target proportion results represent the 
most likely contributions from the main target rocks to these impact glass clasts, and are 
represented as percent values.  
 
56-1-c1  SD 56-1-c6  SD 56-2-c5 SD 58-1-c3  SD 58-1-c4  SD 60-1-c2  SD 
SiO2 55.58 0.68 60.68 1.67 60.67 1.31 61.23 2.97 59.72 2.76 57.53 1.32 
TiO2 1.31 0.13 0.90 0.19 0.91 0.10 0.80 0.12 0.93 0.18 1.23 0.07 
Al2O3 16.73 0.43 16.70 0.99 16.73 1.24 16.86 1.49 17.26 1.21 16.03 0.85 
FeO 12.12 0.63 8.94 1.26 8.75 0.67 8.14 1.19 8.48 1.15 11.74 0.40 
MnO 0.20 0.02 0.22 0.03 0.21 0.02 0.16 0.02 0.16 0.02 0.20 0.05 
MgO 1.85 0.09 1.58 0.26 1.44 0.10 1.41 0.27 1.35 0.24 1.73 0.06 
CaO 5.78 0.28 3.29 0.41 3.94 0.44 3.64 1.21 4.25 1.13 5.48 1.74 
Na2O 2.42 0.18 3.18 0.37 3.11 0.26 2.99 0.36 3.03 0.29 2.17 0.24 
K2O 3.28 0.31 4.01 0.99 3.66 0.65 4.11 0.54 4.21 0.67 3.24 0.20 
P2O5 0.64 0.08 0.42 0.08 0.45 0.08 0.60 0.83 0.53 0.59 0.59 0.06 
             Target proportions % 
Anorthosite 19.6 
 
15 
 
17.1 
 
17.3 
 
21.8 
 
13.2 
 Quartz 
monzonite 75.3 
 
86.2 
 
84.2 
 
84.8 
 
78.8 
 
83.7 
 Total 94.9 
 
101.2 
 
101.3 
 
102.1 
 
100.6 
 
96.9 
 
             Mixing model melt rock compositions 
SiO2 56.66 
 
60.88 
 
60.84 
 
61.28 
 
59.98 
 
58.38 
 TiO2 1.01 
 
1.13 
 
1.11 
 
1.12 
 
1.06 
 
1.09 
 Al2O3 15.16 
 
15.53 
 
15.79 
 
15.92 
 
16.18 
 
14.74 
 FeO 7.49 
 
8.30 
 
8.20 
 
8.26 
 
7.88 
 
8.01 
 MnO 0.14 
 
0.15 
 
0.15 
 
0.15 
 
0.14 
 
0.15 
 MgO 1.35 
 
1.35 
 
1.38 
 
1.40 
 
1.45 
 
1.27 
 CaO 5.85 
 
6.01 
 
6.11 
 
6.15 
 
6.24 
 
5.71 
 Na2O 2.17 
 
2.21 
 
2.25 
 
2.27 
 
2.31 
 
2.09 
 K2O 2.76 
 
3.12 
 
3.06 
 
3.08 
 
2.90 
 
3.02 
 P2O5 0.33 
 
0.37 
 
0.37 
 
0.37 
 
0.35 
 
0.36 
 
             Goodness of fit: reduced chi-squared 
 
0.42 
 
0.24 
 
0.15 
 
0.21 
 
0.19 
 
0.25 
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In Figure 4.11 it can be seen that the points representing the glass clast matrix 
compositions plot beyond what might be expected from a combination of only anorthosite 
and quartz monzonite. This, combined with the percent or two missing from the matrix totals 
in Table 5 suggests that an additional, more mafic, component might be involved. One 
possible explanation is the inclusion of an additional target rock such as gabbro, which has 
been noted in small outcrops on Horseshoe Island (Marion and Sylvester 2010). However, 
when the mixing models are attempted including other local rock types, the total proportions 
are not significantly improved and the results are inconsistent with the geological proportions 
we observe at this site; however, the inclusion of a small proportion of another target rock 
cannot be ruled out. Another possibility is the inclusion of a portion of the impactor in this 
melt material. The possibility of a meteoritic contribution to the impact melt rock at Mistastin 
has been previously suggested (Palme et al. 1981). 
The matrix composition of the impact melt rock was calculated by Marion and 
Sylvester (2010), using the same bulk mixing model technique as has been employed in this 
study. Using this method, they found that the matrix of the impact melt at Mistastin formed 
from 73% anorthosite, 7% quartz monzonite (referred to as mangerite) and 20% granodiorite. 
Possible explanations for the unique composition seen in the glass clasts, when compared to 
the matrix of the previously sampled portions of the impact melt rock, is that these small 
clasts are sourced from an area of the melt sheet possessing a significantly different chemical 
composition from the regions previously sampled, and/or that these clasts were removed 
from the melt body prior to the bulk mixing of the melt sheet. To explore the likelihood of 
the former possibility, the mixing model was applied to the results of the EDS analysis 
collected from a sample of the melt rock outcrop on Horseshoe Island (Table 4.6). The 
results indicate that the melt rock is derived from of an average of 93% quartz monzonite and 
8% anorthosite, a ratio roughly equivalent to the glass clasts observed in the breccia dykes. 
These results strongly support the hypothesis that the glass clasts were likely derived from 
the portion of the impact melt that was removed form the melt sheet and uplifted to become 
the melt veneer over the central uplift. This suggests that the impact melt created at Mistastin 
had a much more significant level of heterogeneity than previously thought (Figure 4.12). In 
addition, we suggest that the major contributor to this heterogeneity, is the proportion of local 
target rock.  
 
 
104 
Table 4.6. Average chemical composition and the results of mixing model calculations for 
melt rock from Horseshoe Island. Average was calculated from fifteen regions in the melt 
rock. Raw data may be found in Table A4. A mixing model was applied to this bulk average. 
This result represents the most likely composition of this melt rock, and is represented as a 
percent value. 
Melt Rock: Sample MHI10-43  
 
 
Average 
(wt%) SD 
Mixing model melt
rock composition 
SiO2 62.03 0.26 61.96 
TiO2 1.29 0.04 1.2 
Al2O3 15.25 0.07 14.96 
FeO 8.15 0.26 8.72 
MnO 0.14 0.03 0.16 
MgO 0.83 0.05 1.25 
CaO 4.52 0.07 5.81 
Na2O 3.22 0.03 2.12 
K2O 3.87 0.09 3.33 
P2O5 0.71 0.03 0.39 
    Target proportions % 
Anorthosite 8.6 
  Quartz   monzonite  93.5 
  Total  102.1 
  
    Goodness of fit: reduced chi-squared 
 
 
0.16 
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Figure 4.12. Simplified geological map of Mistastin Lake and the surrounding area modified 
from Currie 1971, showing the three main rock units. Dots indicate locations where impact 
melt has been analized for this study, or by Marion and Sylvester 2010. Pie charts show the 
relative contributions of each target rock to the matrix of the impact melt at each location. 
Note the significantly greater proportion of quartz monzonite and the lack of granodiorite in 
melts collected on Horseshoe Island relative to the locations surrounding the lake. 
 
The occurrence of a portion of primarily quartz monzonite derived melt is contrary to 
the melt rock compositions that have been thus far sampled at the Mistastin impact structure. 
It has also been suggested that the depth of the transient cavity did not extend beyond the 
anorthosite unit into the underlying quartz monzonite (Mader and Osinski 2018). To 
accomplish the variation in melt composition we have observed in this study, it is necessary 
that the melt zone include a region of quartz monzonite. We therefore believe that the 
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subsurface geology was much more complex, and we suggest an amendment to the 
previously proposed pre-impact stratigraphy. We suggest that the original stratigraphy of 
Mistastin involved anorthosite overlaying a unit of quartz monzonite, which was in turn 
overlying more anorthosite. This is possible considering the interfingering nature that is 
observed between these two rock types in the region. Anorthosite occupies the centre of 
Horseshoe Island and is also the unit in which the highest shock pressures are recorded. This 
indicates that anorthosite was the lowest and most central unit in the transient cavity (Figure 
4.13). Brecciated anorthosite would have therefore been found overlying this unit and is the 
most likely source for the anorthosite fragments that have been incorporated into the quartz 
monzonite derived melt. This organization of the target rock would allow for a portion of 
melt significantly enriched in monzonite to be created near the centre of the structure and 
entrain shocked anorthosite fragments. Though this structural hypothesis is difficult to verify, 
it is supported by the presence of quartz monzonite and anorthosite on Horseshoe Island, 
which have been shown to not be significantly eroded (Chapter 3). Small portions of this 
localized monzonite-rich melt was subsequently removed from the main melt body, and 
included in the downward moving impact breccia, preserving it as glass clasts. This left the 
quartz monzonite-rich portion of the melt overlying the central uplift, likely in the form of a 
melt veneer, where it assimilated anorthosite fragments, cooled and was subsequently eroded.  
 
 
Figure 4.13. Cross section depicting one possible configuration of the subsurface geology at 
the time of impact, which would account for the unique impact melt composition found on 
Horseshoe Island, compared to previously sampled locations around the impact structure.  
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4.6 Summary and Conclusions 
Detailed mapping of the central uplift of the Mistastin Lake impact structure has 
revealed the presence of a series of six melt-bearing impact breccia dykes dynamically 
intruded into the quartz monzonite target rock, as well as one occurrence of melt-bearing 
breccia underlying impact melt rock near the centre of Horseshoe Island. Based on textural 
and geochemical evidence, an injection origin is preferred over an in-situ origin for the 
materials found in the dykes. This hypothesis is further supported by the presence of flow 
textures at the outcrop and microscopic scales, and the sorting of clasts in some dykes, with 
larger clasts concentrated in the centre indicating a faster flow velocity.  
Fragments of impact glass containing vesicles and melted lithic fragments, have been 
discovered in the impact breccias, and have been examined, using a variety of methods, to 
discover their origin and compositions. Plotting microprobe data, using a principal 
component analysis technique, confirms that the glass clasts are distinctly different than 
previously sampled portions of the impact melt rock. This is further confirmed through the 
application of melt mixing models, which show that quartz monzonite is the main contributor 
to these glasses with more minor amounts of anorthosite. This is in contrast to the primarily 
anorthositic composition of the impact melt rock, as calculated by Marion and Sylvester 
(2010). Given the context within the central uplift, the level of erosion, and the stratigraphic 
position with respect to the coherent melt sheet that originally existed at Mistastin, it is 
proposed that these glass clasts are sourced from a localized portion of the melt formed 
where the zone of melting extended into the quartz monzonite. 
Subsequent examination of the single outcrop of melt rock found on Horseshoe Island 
has found that this outcrop, proposed to be a remnant of the impact melt rock veneer which 
originally coated the central uplift, is also primarily derived from quartz monzonite. The fact 
that this monzonite-rich material has been preserved, indicates a significantly greater level of 
heterogeneity in the melt created by the Mistastin impact event than has been previously 
proposed. The target rock mixing ratios calculated for this melt rock is very similar to those 
found for the glass clasts. This supports the theory that the glass clasts originated in the initial 
body of melt were removed and entrained in the impact breccias early in the cratering 
process. 
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Chapter 5 
5 Microscopic heterogeneity and Fe oxidation state in melt clasts 
in impact melt-bearing breccia from Horseshoe Island, Mistastin 
Lake impact structure 
 
Alaura C. SINGLETON, Matthew J. WARD, Arthur R. WOLL, Denis VIDA, Richard A. F. 
GRIEVE and Gordon. R. OSINSKI 
 
5.1 Introduction 
Meteorite impact events create unique environments, with extreme pressures and 
temperatures over very limited temporal scales, resulting in the creation of many types of 
impactites (e.g., Stöffler 1971; Langenhorst 2002; Grieve and Therriault 2004). One such 
impactite is impact breccias, which may be found in a number of settings within an impact 
structure, including as intrusive dykes (e.g., French 1998; Therriault et al. 2002). Such dykes 
are a common occurrence in the central uplifts and crater floors of many complex impact 
craters (e.g., Pohl et al. 1977; Lambert 1981; Bischoff and Oskierski 1987; Dressler and 
Sharpton 1997; Therriault et al. 1997; Dressler and Reimold 2004; Osinski et al. 2018) and 
are though to be created early in the cratering process (e.g., Masaitis 2005).  
Six occurrences of impact melt bearing breccia dykes have been found along the 
western shoreline of Horseshoe Island in Lake Mistastin, as well as one occurrence of impact 
breccia found underlying impact melt rock (Sample 39 in Figure 5.1b) (Chapters 3 and 4). In 
addition to lithic clasts, this breccia contains two distinct types of melt clasts: deformed and 
melted lithic fragments, distinguished by a banded texture of varying compositions which are 
interpreted as mineral melts, and glass clasts, which are optically homogeneous whole rock 
melts (Chapter 4). There is also one clast believed to be a fragment of the transition between 
melt rock and impact breccia (Chapter 4, Figure 4.8) Previous work (Chapters 3 and 4) has 
shown that the glass clasts have their origin as part of a quartz monzonite rich portion of 
melt, a small outcrop of which is preserved on the island. These glasses thus have a chemical 
composition distinct from the range found in all previously sampled impact melt rocks found 
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in the inner zone, which, in contrast, have anorthosite as the major component, with lesser 
quartz monzonite and granodiorite (e.g., Marion and Sylvester 2010). These small glass 
fragments were incorporated into downward moving impact breccia, which was then injected 
into impact-induced fractures in the crater floor, creating dykes. The target rock was 
subsequently uplifted from the bottom of the transient crater, which results in the final 
position of the dykes in the central uplift of the Mistastin structure. Melt-bearing breccia 
dykes have also been reported to occur in the inner zone of the structure (Mader and Osinski 
2018).  
The glass clasts examined in this study contain vesicles and/or lithic fragments, which 
range from rounded and elongated with the clast, to sub-angular (Chapter 3 and 4). As these 
lithic fragments are found uniformly through the glass, they are believed to have been 
included at the time of melt formation or shortly thereafter, and not as a result interaction of 
the clast with the breccia. Some glass clasts have small, partially melted, fragments included 
in them, believed to be entrained lithic fragments that have been partially incorporated into 
the melt. The glass clasts have sub-rounded edges and relatively sharp contacts with the 
surrounding material. Some clasts seem to have undergone deformation while being 
incorporated in the breccia. This suggests that, at least in some cases, cooling was not 
complete by the time they were incorporated. The properties of these small impactite clasts 
are the primary focus of this study.  
This study employs both electron microprobe and synchrotron based x-ray 
microprobe and spectroscopy techniques to investigate the internal structures and 
characteristics of various melt clasts in the impact melt-bearing breccia found in the central 
uplift of the Mistastin Lake impact structure. This was done to discover the extent of their 
internal heterogeneity and to explore their formation history.  
The synchrotron techniques employed herein are microprobe based x-ray 
fluorescence microscopy (µXRF), which provides high-resolution information about trace 
element concentrations and spatial distributions (e.g., Jones and Gordon 1989; Rakovan 
2008), and x-ray absorption near edge structure (XANES) spectroscopy, which can be used 
to determine the oxidation state and coordination geometry (symmetry) of a selected element 
(e.g., Sakakibara et al. 2005). In our case XANES spectroscopy is used to examine the 
oxidation state of iron (Fe), which occurs naturally as both Fe2+ and Fe3+. In geological 
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samples, the Fe3+/ΣFe ratio can be used as an indicator of the redox conditions (or oxygen 
fugacity, fO2) under which a mineral or melt was formed. Details about the origin of a melt 
can be inferred to some degree using the oxidation state, which also influences the physical 
and chemical properties of the melt, such as viscosity and melt structure, and the temperature 
and composition of crystallizing phases (e.g., Osborn 1959; Carmichael and Ghiorso 1990; 
Carmichael 1991; Mysen 1991; Giuli et al. 2002, 2005, 2008; Berry et al. 2003; Knipping et 
al 2015).  
5.2 Geological Setting 
The Mistastin Lake impact structure is located in central Labrador, Canada (55°53’N 
63°18’W). This structure is a complex impact structure that has an apparent diameter of 
approximately 28 km (e.g., Dence 1972; Grieve 1975). The age of the Mistastin event is 
estimated to be 32.7 ± 1.2 Ma based on (U-Th)/He age dating of zircons in impact melt rocks 
(Young et al. 2013). Two small islands, 3 by 4 km Horseshoe Island and 200m long Bullseye 
Island, in the middle of Mistastin Lake are what remains of the central uplift. Glacially 
eroded outcrops are found scattered across the island, with the remainder being covered with 
dense brush and moss, with some wooded areas. The Mistastin Lake impact structure was 
originally mapped by Currie (1971), and, most recently, a new map of Horseshoe Island has 
been presented in Chapter 3 (Figures 3.1 and 5.1).  
One occurrence of impact melt rock overlying impact breccia is found near the centre 
of the island. Additionally, six occurrences of impact melt-bearing breccia were found in the 
form of dykes that can be seen along the western shore.  Evidence of flow (shown through 
clast sorting and elongated clasts) has been noted in the impact breccia dykes indicating an 
intrusive mechanism of emplacement for these materials (Chapter 3). Samples from three of 
these dykes and the breccia found in the middle of the island were used in this study (Figure 
5.1).  
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Figure 5.1. Map of Horseshoe Island modified from Chapter 3. Arrows indicate locations 
where the melt-bearing breccias used for this portion of the study are found. 
 
The Mistastin Lake impact structure is located in central Labrador, Canada. a) Horseshoe 
Island and the two major target rock units. b) The four locations where the samples used in 
this study were collected and their corresponding sample numbers. Three of these locations 
are along the western edge of the island where melt-bearing breccia dykes were found and 
one in the interior of the island where melt rock was found overlying breccia.  
 
 
116 
5.3 Methodology 
Six samples of impact breccia from four separate locations were used (indicated by 
arrows in Figure 5.1b). Within these samples of breccia, small impact glass clasts, ranging in 
size from 500 µm to 3000 µm, were identified using an optical microscope. Clasts were also 
imaged using a Hitachi S2500 scanning electron microscope (SEM), located in the ZAPlab at 
the University of Western Ontario, London, Ontario. The operating conditions of the SEM 
were 15.0 kV, with a working distance of 10.3mm (Figure 5.2).  
Spot analyses were collected from the matrix material of two clasts (MHI10-39-1-c2 
and MHI10-58-cD) using a JEOL JXA-8530F field-emission electron microprobe located in 
the Earth and Planetary Materials Analysis Laboratory at the University of Western Ontario. 
The operating conditions were 15 kV, beam current of 20 nA, beam size of 20µm and a 
counting time of 30 seconds. Forty spots were collected per clast, avoiding fragment and 
partial melt inclusions (Table A3). These data sets were collected to assess the rage of 
composition, if any, across the matrix of the individual clasts. Using the same operating 
conditions, spot analyses were collected from fragments entrained in five clasts (MHI10-56-
1-c1 and-c6, MHI10-58-cD, MHI10-58-1-c4 and MHI10-60-1-c2), in an attempt to identify 
these entrained lithic fragments (Table A5). 
µXRF microscopy data was collected at the F3 bending magnet beamline of the 
Cornell High Energy Synchrotron Source (CHESS), located at Cornell University, Ithaca, 
NY. CHESS is a 5.3 GeV third-generation synchrotron light source that operates in top-up 
mode (positrons) at a ring current of 200 mA. An incident x-ray beam energy of 16.5 keV 
was selected, and the beam was focused to a spot size (diameter) of ~20µm. High-resolution 
XRF maps were produced from the following thin section samples: MHI10-39-1, MHI10-56-
1, MHI10-56-2, MHI10-58-1, MHI10-60-1. This was carried out using a dwell time of 
10ms/pixel, giving a count rate of ~300 kcps, with a 20µm x-ray beam. Within each of the 
samples mapped using µXRF, areas were selected that would be representative of the 
composition of the breccia as well as the clast(s). 
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Figure 5.2. BSE images of clasts analyzed in this study. a) MHI10-39-1-c2. b) MHI10-56-1-
c1. c) MHI10-56-1-c6. d) MHI10-56-2-c1. e) MHI10-56-2-c5. f) MHI10-56-2-c2. g) MHI10-
58 cD. h) MHI10-58-1-c1. i) MHI10-58-1-c3. j) MHI10-58-1-c4. k) MHI10-58-1-c6. l) 
MHI10-60-1-c2. No image of 58-1-c8. Scale bars are 500 µm. b and d are the two clasts used 
for the XANES potion of this study. 
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µXRF microscopy data was also collected from smaller areas in samples MHI10-56 
and MHI10-58 using a higher resolution x-ray beam (~5µm) to examine the characteristics of 
specific glass clasts in detail, specifically clasts MHI10-58-cD and MHI10-56-2-c1. To 
accomplish this, ROIs (regions of interest) were selected from within both clasts and the 
surrounding breccia, and trace element concentrations were extracted from those regions.  
Representative areas of MHI10-22 and MHI10-65 were also mapped at this resolution to 
obtain average compositions of the two main target rocks, quartz monzonite and anorthosite. 
This was carried out at the 20ID undulator beamline of the Advanced Photon Source (APS), 
located at Argonne National Laboratory, Argonne, IL. The APS is a 7.0 GeV third generation 
synchrotron light source that typically operates in top-up mode at a ring current of 102 mA. 
An incident x-ray beam energy of 11.8 keV was selected, and the beam was focused to a spot 
size (diameter) of ~5µm. 
Iron K-edge XANES maps were collected at the F3 beamline of CHESS. A silicon 
(220) double crystal monochromator (DCM), with an energy resolution (∆𝐸 𝐸) of ~0.6x10-4 
was used to scan the incident x-ray energy across the iron K-edge (7.112 keV for Fe0). The 
incident x-ray beam was focused to ~40µm spot. High resolution iron XANES maps were 
produced for clast MHI10-56-2-c1 and clast MHI10-56-1-c1. The XANES maps bounded the 
entire clasts and included some of the surrounding breccia material.  
Full experimental details of the synchrotron methods are reported in Appendix 2. 
5.3.1 Data Reduction 
GeoPIXE was used for data reduction and analysis (as outlined in Ryan et al. 1990). 
This program allows for real time processing of XRF and PIXE data and imaging via 
dynamic analysis, correction for variation in dwell time, primary flux, dead-time, and pileup, 
and, also contains built-in tools for XANES microscopy data processing. In the case of 
µXRF data for each thin section sample, a XRF spectrum was extracted and fit for each area 
of interest (clasts and host impact breccia) to ensure the most accurate quantitative results 
possible. In the case of XANES mapping data, an XRF spectrum was extracted and fit for the 
ROI from the µXRF map collected at the highest excitation energy of the XANES scan. 
Regions of interest (ROIs) were then selected from one of the XRF maps of XANES scan 
and the intensity of the iron fluorescence signal was extracted as a function of XANES 
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excitation energy. Using this method it is thus possibly to produce a XANES spectra from 
any arbitrarily defined ROI on the XRF map. 
Following the work of Wilke et al. (2001), the pre-edge feature was extracted by 
removing the background from the main absorption edge. The background from the edge was 
modeled using a few points of the measured absorbance before (from 7105 to 7110 eV) and 
after (from 7116.5 to 7120 eV) the pre-edge feature and fitting a cubic spline to them. Figure 
5.3 shows a portion of the spectrum before and after background subtraction. Two Gaussian 
distributions were fitted to the resulting data, and their intensity weighted centroids and total 
areas under the fits were computed. We justify using the Gaussian instead of the pseudo-
Voigt distribution with the fact that the resolution of our spectra is low and that good fits 
were achieved. 
 
 
Figure 5.3. a) The pre-edge portion of a XANES spectrum before (solid line) and after 
(dotted line) background subtraction. b) Fit of the pre-edge peak using two Gaussian curves 
to find the centroid energy (vertical dashed line) and the integrated intensity. 
 
5.4 Results and Interpretations 
It has been observed, through BSE imaging, that the interior of the small impact glass 
clasts, found in melt-bearing breccia both in dykes and underlying melt rock, have interesting 
internal features, including areas within some clasts that appear darker than the surrounding 
glass, which can indicate variations in composition, as well as various lithic fragments. Here 
we report the results and our interpretations for three main lines of enquiry into the nature of 
 
 
120 
the internal features of these clasts: 1) to examine the internal heterogeneity of the clasts 
including the matrix, zones of variable compositions and the lithologies and origins of 
entrained lithic fragments; 2) examine how trace elements can be used to assess the 
likelihood of a meteoritic component in these samples; 3) evaluate the oxidation state of the 
impact glass and discuss how that can be used to determine it’s origin.  
5.4.1 Nature of Internal Variations and Entrained Fragments 
Some of the glass clasts examined in this study do appear to have been deformed 
during their incorporation in the breccia, resulting in rounded and uneven edges, however the 
clast material does not seem to have mixed with the breccia material. This, combined with 
the uniform distribution of the fragments through the clasts, indicates that the fragments were 
entrained directly after the formation of the melt, not as a result of their incorporation in the 
breccia. In addition, we suggest that the melt clasts were at least partially solidified when 
they were added to the breccia material. This suggests that the nature of the matrix and 
entrained fragments could provide information about the formation environment of these 
clasts prior to being included in the impact breccia. 
The first characteristic we examined was the glass matrix material of these clasts. To 
evaluate the chemical variations within the matrix, two clasts were assessed using 
microprobe analysis (MHI10-39-1-c1 and MHI10-58-cD). Forty spots per clast were 
collected from the matrix only, and the resulting average compositions may be seen in Table 
5.1. These two clasts were selected because of the relatively large distance between entrained 
fragments, which helps ensure “clean” analyses. In the case of clast MHI10-58-cD, the points 
were collected to exclude the darker regions. Low standard deviations in the resulting data 
(significantly less than 1% in most cases), indicates that the matrix of the clasts are 
essentially homogeneous.  
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Table 5.1.  Average compositions for the matrix of two glass clasts calculated using forty 
spots per clast, and the standard deviations for each data set. Low totals are likely due to 
minor and trace components not included in these analyses or some alteration in the glass. 
Raw data may be found in Table A3.  
 
MHI10-39-1 Clast 1 MHI10-58 Clast D 
 
Mean (wt%) SD Mean (wt%) SD 
SiO2 56.01 0.71 55.50 0.41 
Al2O3 15.69 0.20 15.17 0.24 
Na2O 3.04 0.13 3.00 0.15 
K2O 5.37 0.33 4.05 0.14 
MgO 1.48 0.09 1.41 0.05 
TiO2 1.27 0.08 1.19 0.05 
CaO 3.55 0.18 5.11 0.10 
FeO 9.19 0.65 10.27 0.37 
MnO 0.19 0.02 0.16 0.02 
P2O5 0.43 0.04 0.49 0.04 
Total 96.21 
 
96.36 
  
 
Next we examined zones and the entrained fragments. Glass clast MHI10-58-cD 
shows the best example of distinct regions (Figure 5.4). In Table 5.2 we present electron 
microprobe data comparing the composition of the lighter glass matrix of the clast, the 
entrained fragments and two of the darker regions of glass. In the case of this clast, the 
entrained lithic fragments all have very similar compositions, therefore the values are 
presented as an average. These results demonstrate a clear difference between the various 
components of this clast. The matrix has been shown to be primarily derived from quartz 
monzonite with minor anorthosite (Chapter 4), whereas the composition of the regions that 
appear darker in BSE images, include a significantly higher contribution of anorthosite (as 
indicated by increased Al2O3 etc.). The fragments in this clast appear to be feldspar 
fragments that have been altered, which will be discussed further below. 
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Figure 5.4. BSE image of glass clast MHI10-58-D. Locations of spot analysis of fragments 
that seem to be deformed with the melt indicated by yellow dots. Regions of variable 
composition outlined in orange. Black portions are vesicles. Scale bar is 500µm. 
 
Table 5.2. Average microprobe results from internal features of clast MHI10-58-cD. Matrix 
values represent the average of forty spot analyses. Fragment values are an average of spot 
analysis from nine fragments. Region values are the average of ten spot analyses per region. 
Represented as wt %. Raw data may be found in Table A5. 
ROI SiO2 Al2O3 Na2O MgO TiO2 CaO K2O FeO Total 
Matrix 57.55 15.73 3.12 1.47 1.24 5.3 4.2 10.65 99.26 
SD 0.36 0.24 0.15 0.05 0.06 0.1 0.14 0.37  
Region 1  59.01 24.82 5.47 0.14 0.11 5.89 3.4 1.16 100.00 
SD 0.43 1.77 0.73 0.25 0.23 0.32 0.28 1.72 
 Region 2  59.82 25.61 5.16 0.01 0.01 6.39 3.11 0.24 100.35 
SD 0.76 0.25 0.86 0.01 0 0.25 0.27 0.11 
 Fragments 57.88 16.99 0.08 0.65 0.01 6.2 2 0.22 84.03 
SD 0.8 0.41 0.02 0.06 0.02 0.24 0.21 0.04  
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Clast MHI10-58-cD is unique in the set of clasts analyzed in this study, because all of 
the fragments are of the same composition and have very similar characteristics. The lithic 
fragments found entrained in other glass clasts, have a variety of physical characteristics, 
with some appearing angular, with sharp boundaries and internal fractures that terminate at 
the edge of the fracture. Others are more rounded with gradational borders and appear to 
have been fully melted and/or partially incorporated into the surrounding material (Figure 
5.4). Note that in this work the term “fragment” is being used to describe any material 
included in the glass clasts that do not constitute a portion of the matrix, and does not 
describe the size or other physical characteristics of this entrained material. To identify their 
lithology, spot analyses were collected from a number of small (20 – 40µm) fragments 
entrained within four additional glass clasts (Figure 5.5) (Table A5). Using the resulting 
microprobe data, it is possible to assign minerals identities to many of these fragments. The 
composition of some deformed and elongated clasts shows a combination of feldspars, and it 
is suggested that these fragments were entrained in the melt but did not have time to fully 
incorporate into the glass. The more angular fragments have been identified as plagioclase 
feldspar, quartz and orthoclase feldspar (Table A5).  
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Figure 5.5. Spot analyses were carried out on various fragments entrained in five glass clasts. 
a) MHI10-56-1-c1. b) MHI10-56-1-c6. c) MHI10-58-c4. d) MHI10-60-1-c2 and MHI10-58-
cD shown in Figure 5.4 above. The resulting data allows for the mineralogy of each point to 
be assigned. The fragments are colour coded as follows: yellow – feldspar altered to a 
hydrated silicate mineral, blue – plagioclase feldspar, red – quartz, pink – orthoclase feldspar, 
orange – combination of plagioclase and orthoclase feldspar and sometime quartz. Scale bars 
are 500 µm. 
 
A number of interpretations can be made based on these results. It is interesting to 
note that there are a relatively high number of the deformed fragments, including those found 
in clast MHI10-58-cD, have low totals ranging from ~83 to 86 wt% (yellow spots in Figure 
5.5). This typically indicates alteration of the material. It can also be the result of a faulty 
analysis, however these analyses were all collected in the same session with the same 
equipment and, for other materials found in these clasts, have yielded totals within an 
acceptable range (~97 to 101 wt%). Therefore, it is suggested that these fragments have been 
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altered from feldspar to a hydrated silicate mineral. Pickersgill et al. (2015) noted alteration 
in what appeared to be plagioclase feldspar from anorthosite samples from the central uplift 
and also in breccias found at South Creek. They identified this as zeolite levyne-Ca (e.g., 
Deer et al. 2004; Pickersgill et al. 2015). The composition of the altered material examined 
here is not consistent with the results of Pickersgill et al. (2015), indicating another alteration 
product, although the nature of the alteration is beyond the scope of this current study. 
Another possibility for some of the low totals is beam overlap with the surrounding material 
or vesicles, though this is considered the less likely explanation.  
The variety of fragments found in these clasts suggests that both anorthosite and 
quartz monzonite have been included in these melts in the form of entrained fragments. The 
nature of these fragments provides insight into the local environment where this melt was 
formed. They indicate that these glasses were formed in an environment in close proximity to 
fragmented anorthosite and quartz monzonite. This is consistent with the initial stratigraphic 
model suggested in Chapter 4, which involves interfingering of quartz monzonite and 
anorthosite, allowing for quartz monzonite dominated melt to overlie fragmented anorthosite. 
5.4.2 Siderophile Elements and the Possibility of a Meteoritic Component 
Through the use of principal component analysis plots, it has been noted that, in some 
clasts, the composition may not be totally accounted for by the mixing of the regional target 
rocks (Figure 4.10). This suggests a minor contribution from some unknown material. One 
possible source of such a contribution is the inclusion of a small meteoritic component.  
Evidence of meteorite material found in impact melt rock has been previously 
reported at a variety of impact structures. In these cases, a small amount of the meteorite is 
included in the impact melt rock while the rest of the impacting body is destroyed by the 
impact. This addition of meteoritic material, results in a slight change in the composition of 
the melt (e.g., Morgan et al. 1975; Janssens et al. 1977; Evans et al. 1993; Wolf et al. 1980; 
Tagle 2004; Tagle and Claeys 2005). Palme et al. (1981) analyzed eleven samples of impact 
glass for the Mistastin structure and found a very small enrichment in Ir, as well as relatively 
high concentrations of Cr, although this was thought not to be significant, because other 
elements preferring mafic phases are also lower in the basement samples. They concluded 
that it was not clear if these were indications of a real meteoritic signature, or was the result 
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of some other contribution. They did speculate that, if it were an actual meteoritic signature, 
the meteorite would be an achondritic projectile (Palme et al. 1981). It has also been 
suggested that the impactor at Mistastin might have been an iron meteorite, based on a Ni 
and Ir enrichment of 8 ppm and 0.055 ppb respectively (e.g., Morgan et al. 1975; Wolf et al. 
1980).  
In order to investigate the possibility of a meteoritic contribution in our glass clasts, 
siderophile elements (Cr and Ni) were assessed through the use of µXRF microscopy. These 
elements act as a proxy for the presence of PGE enrichments, and are used as the initial 
indicators for the presence of meteoritic material (e.g., McDonough and Sun 1995; Kramers 
1998; Goderis et al. 2012). The results of these analyses are found in Table 5.3. The data 
collected shows that the Cr concentration is ~120 to 1050 ppm greater in the glass clasts than 
is found in the target rocks. In samples where it is detected there is also an increase in the 
wt% of Ni, although this increase is not as pronounced.  
 
Table 5.3. Concentrations of siderophile elements in eight glass clasts from four samples 
compared to the concentrations in the target rocks. Observe the difference in Cr 
concentrations between the target rock, breccia and the glass clasts. Concentrations detected 
but below 70 ppm are listed as “trace”. Target rock data may be found in Marion and 
Sylvester (2010). Units are shown as ppm unless otherwise indicated.  
Sample Cr (ppm) Ni (ppm) 
Anorthosite trace trace 
Quartz monzonite trace trace 
MHI10-39 Clast 2 0.11wt% - 
MHI10-56-1 Clast 1 587 72 
MHI10-56-1 Clast 6 402 71 
MHI10-56-2 Clast 5 176 trace 
MHI10-58-1 Clast 1 277 - 
MHI10-58-1 Clast 3 260 - 
MHI10-58-1 Clast 8 369 - 
MHI10-60 Clast 1 521 134 
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These glass clasts are believed to originate from the quartz monzonite-rich melt rock 
produced in the centre of the melt zone, in contrast to the impact melt rocks from the inner 
terrace that were sampled by Palme et al. (1981), therefore it is possible that these clasts and 
the melt rock found on Horseshoe Island are more suitable candidates for the discovery of a 
meteoritic component. This may be especially true of the glass clasts, as it has been 
suggested that they were removed from the melt sheet prior to any bulk mixing (Chapter 4). 
Formation in the center of the structure was found to be an asset in the case of the Lappajarvi 
melt rock (karnaite), where only the clast-poor material at the centre of the melt sheet was 
found to contain a significant amount of meteoritic material, in contrast to the outlying clast-
rich melt rock and melt fragments (e.g., Reimold 1982; Dressler and Reimold 2001). This is 
supported by the fact that the Cr concentration found here is a much larger variation than was 
observed by Palme et al. (1981). 
Due to the sample preparation method used, it was not possible to measure the 
amount of Ir in these samples, thus these results do not allow for a definitive statement to be 
made about the presence of a meteoritic component. However, the amount of the two 
siderophile elements found here does suggest that the inclusion of a meteoritic component is 
highly possible. In addition, it has provided the framework of a strategy for future XRF 
studies of these types of these samples. Samples being prepared specifically for a study of 
this type should be unmounted, or be removed from the glass slide in order to avoid 
background fluorescence from arsenic in the glass, or a background free mounting material 
should be used instead. The analysis should also be carried out using a higher incident beam 
energy so that the elastic peak is further from the fluorescence lines of Ir, and such that the 
cross section of the lower z elements is smaller. Additionally, a filter material (e.g several 
layers of thin Al foil) should be used to attenuate the fluorescence of low z elements 
particularly Fe. Following these criteria would allow for the x-ray fluorescence of iridium to 
be measured with a reasonable signal to noise ratio. Further work should be done to confirm 
the presence of a meteoritic component in these glasses and, if possible, to classify the 
impactor. 
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5.4.3 The Oxidation State of Iron and implications for Impact Glass Clast 
Formation  
The formation conditions of impact breccia, and the glass clasts found therein, has 
been debated, with some suggesting that some breccias have a ballistic method of 
emplacement (e.g., Engelhardt 1990), including the melt-free lithic breccias at Mistastin 
(Mader and Osinski 2018). For other impact breccias, including the breccia found in dykes 
on Horseshoe Island, a dynamic flow emplacement model is preferred. This emplacement 
mechanism has been assigned due the evidence of microscopic flow and the interaction of the 
clasts with the surrounding material, combined with no indication that these melts were 
created in the breccia by shock-metamorphic or frictional processes. The location of these 
materials in the central uplift is also suggestive, as ballistic material is not found in the centre 
of a structure. However, the breccia found in dykes on Horseshoe Island, is similar in 
description to melt-poor breccia material found in the inner terrace and described by Mader 
and Osinski (2018). Primarily, these breccias exist as a layer underlying the impact melt 
rocks, and have properties consistent with ballistic ejecta at the Ries and other terrestrial 
impact structures (Osinski et al. 2011 and references therein; Mader and Osinski 2018), 
which was subsequently covered by outward impact melt flows.  
One method of investigating the conditions under which a material, specifically melt, 
is formed, is through examination of the oxidation state of the iron (Fe) found in the melt. It 
has been suggested by various authors (e.g., Giuli et al. 2002, 2005, 2008; Lukanin and 
Kadik 2007) that the oxidation state of Fe can provide insight into the formation history of 
impact glass because it varies depending on the impact conditions experienced by the 
material, with ballisticly displaced material, such as tektites, having extremely low Fe3+/ΣFe 
ratios relative to the target rocks, indicating a very reducing formation environment. This in 
contrast to the Fe3+/ΣFe ratios of samples from melt sheets and other melt rocks found in the 
crater, which have been found to have oxidation states within the same range of the target 
rocks. Such information can, therefore, provide insight into the formation conditions of these 
clasts. This preliminary investigation into the oxidation state of Fe found in Horseshoe Island 
breccia samples was undertaken to see if the results were consistent with the origins 
suggested by geological context.  
For this investigation a glass clast, a clast rich melt rock fragment, and the host 
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breccia from a single sample was used. To accomplish this, XANES Fe mapping was carried 
out on these two clasts, following which ROIs were defined from which spectra were 
extracted. For the melt rock fragment (MHI56-2-c1), six ROIs were defined; four within the 
clast, and two outside of the clast in the host breccia (Figure 5.6). One of the points inside of 
the clast was an iron-rich “hot spot”. The second clast examined was MHI56-1-c1 (Figure 
5.7) in which 11 ROIs were selected. Two data reduction methods were used on the XANES 
data collected from these two clasts, to determine first the relative oxidation state (reduced 
vs. oxidized) of the iron, and then more quantitative results. To carry out a full quantitative 
study would require the production and measurement of synthetic glasses, with a known 
Fe3+/ΣFe ratio.  
 
 
Figure 5.6. Regions of interest in clast MHI10-56-2-c1 from which XANES spectra were 
extracted. Region 3 is an iron rich spot outside of the clast and region 4 is the host breccia. 
Regions 3 and 4 are not within the field of view. Region 6 is an iron rich fragment within the 
clast. Scale bar is 500 µm. 
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Figure 5.7. Regions of interest in clast 56-1-c1 from which XANES spectra were extracted. 
Region 11 in the spectra is outside the field of view. Note that this is not a “clean” analysis as 
small lithic fragments entrained in the clast are included in the analyzed regions. This is 
acceptable due to the qualitative nature of this study. Scale bar is 500 µm. 
 
The first method applied to this data, was to extract XANES spectra and examine the 
resulting plots. By studying the systematic trends in spectral features of the iron K-edge 
XANES that have been outlined in the literature (e.g., Berry et al. 2003, 2008), it is possible 
to make a comparison between our XANES spectra and those from previous studies and, 
thus, it is possible to produce a qualitative analysis of the Fe3+/ΣFe ratio in the impact glass 
clasts. Comparison to Berry et al. (2008) data allows for an estimate of the possible degree of 
difference between the Fe3+/ΣFe ratio of the target rock and the clast. In this study, however, 
it is not suggested that these values are quantitatively equivalent to our samples, but rather 
are simply used to illustrate the trend.  
Figure 5.6 shows the regions of lithic fragment MHI10-56-2-c1 that were analyzed. 
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The resulting XANES spectra are shown in Figure 5.8 plotted with data presented by Berry et 
al. (2008) for comparison. When the pre-edge region and main absorption edge spectra from 
this clast (Figures 5.8 a and b respectively) are examined, it can be seen that the regions from 
within the clast most closely resemble the spectra by Berry et al. (2008) representing a 
Fe3+/ΣFe ratio of 0.21 and that the position of the main absorption edge from spectra 
extracted from the clast are shifted towards lower energy (left) relative to the spectra 
collected outside the clast indicating a lower Fe3+/ΣFe ratio, and thus, iron that is more 
reduced than that in the breccia material surrounding it.  
The second clast examined was MHI56-1-c1. Figure 5.7 (above) shows the regions of 
this glass clast that were analyzed. When the pre-edge region and main absorption edge 
spectra from this clast (Figures 5.9a and b respectively) are examined, it can be seen that the 
regions from within the clast are intermediate between the spectra by Berry et al. (2008) 
representing Fe3+/ΣFe ratios of 0.21 and 0.4 and that the position of the main absorption edge 
from spectra extracted from the clast are very similar to the spectra collected outside the clast 
indicating similar Fe3+/ΣFe ratios.  
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Figure 5.8. Red lines are spectra from ROIs within the clast and blue lines are from ROIs 
outside of the clasts. Yellow line is an iron rich fragment within the clast. Dotted lines show 
the data presented by Berry et al. (2008) showing various Fe3+/ΣFe ratios. a) XANES pre-
edge region at the peaks corresponding to 1sè3d transitions in six ROIs in clast MHI10-56-
2-c1 (regions seen in Figure 5.6). b) XANES main absorption edge spectra from six ROIs in, 
and around, clast MHI10-56-2-c1. Spots 1, 2 and 5 (red) were collected in the clast, spots 3 
and 4 (blue) are from outside of the clast, and spot 6 (yellow) is an iron rich fragment within 
the clast. The main absorption edge of clast exhibits a spectral profile that most closely 
resembles Berry et al. (2008) XANES spectra with a Fe3+/ΣFe ratio of 0.21. The regions from 
outside the clast (spots 3 and 4) exhibit intense, discrete, peaks in the main absorption edge at 
higher E. These features are not observed in any of the melt data because the material outside 
the clast are discrete iron-bearing minerals containing distinct phases of Fe (the coordinate 
geometries of Fe2+ and Fe3+ are not well characterized in silicate melts or glasses), and thus 
these points can not be compared directly to the Berry et al (2008) data. (Note that peaks 
labeled as 1sè4s transitions are named as such to be consistent with the literature, however, 
these are likely 1sè4p shake-down transitions). Raw data may be found in Table A6. 
Electronvolts (eV) are shown on the horizontal axis. 
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Figure 5.9. a) XANES pre-edge region at the peaks corresponding to 1sè3d transitions in 
eight ROIs in clast MHI10-56-1-c1 and four from outside the clast (regions seen in Figure 
5.7). b) XANES main absorption edge spectra from twelve ROIs in, and around, clast 
MHI10-56-1-c1. Red lines show spots within the clast and blue are spots outside of the 
clasts. Dotted lines show the data presented by Berry et al. (2008) showing various Fe3+/ΣFe 
ratios. Raw data may be found in Tables A8 and A9. Electronvolts (eV) are shown on the 
horizontal axis. 
 
In order to confirm and expand on the results obtained through this qualitative 
examination, a second data processing method, similar to that described by Wilke (2001), 
was applied to a selection of the data described above. In this study, however, Gaussian 
curves are applied to the data (similar to Knipping et al. 2015). For this method, only the pre-
edge region of the XANES spectra is taken into account because, when the objective is to 
determine the oxidation state and coordination number for transition metal elements, the pre-
edge peak is the most useful feature (e.g., Wilke et al. 2001; Giuli et al. 2002). Once the 
background of the pre-edge region is collected, the spectrum can be seen to, in most cases, 
consist of two over-lapping peaks. The peak observed at a higher energy (in this case 
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~7114.1-7114.7 eV) is from the Fe3+ component, while the lower energy peak (~7112.9-
7113.6 eV) is from the Fe2+ component.  Here, Gaussian curves have been fitted to the 
spectra of the pre-edge, and the resulting data has been used to calculate the integrated 
intensity and centroid of the combined curves for each data point (Table 5.4). The energy 
position of the centroid correlates to the mean Fe oxidation state, and the integrated intensity 
depends on the coordination geometry around Fe (e.g., Wilke et al. 2001, 2004; Giuli et al. 
2002, 2005; Knipping et al. 2015).  
 
Table 5.4: Pre-edge peak features of the Fe K-edge XANES spectra.  
Spot Material 
Centroid 
(eV) 
Integrated 
intensity 
Fit agreement 
index (%) 
mol % 
Fe3+/ΣFe 
MHI10-56-1-c1 spot 1 Glass clast 7113.2 0.104 99.73 17 
MHI10-56-1-c1 spot 3 Glass clast 7113.4 0.120 99.21 34 
MHI10-56-1-c1 spot 5 Glass clast 7113.2 0.167 99.58 21 
MHI10-56-2-c1 spot 1 Melt fragment 7113.2 0.128 99.93 22 
MHI10-56-2-c1 spot 2 Melt fragment 7113.4 0.147 99.94 32 
MHI10-56-2-c1 spot 5 Melt fragment 7113.3 0.156 99.86 29 
MHI10-56-2-c1 spot 6 Fe hot-spot 7114.4 0.185 99.15 99 
MHI10-56-1-c1 spot 9 Breccia 7113.3 0.088 99.35 28 
MHI10-56-1-c1 spot 11 Breccia 7113.0 0.086 99.16 4 
MHI10-56-1-c1 spot 12 Breccia 7113.2 0.178 99.77 21 
MHI10-56 host breccia Breccia 7113.6 0.071 99.86 46 
MHI10-56-2-c1 spot 3 Breccia 7113.4 0.075 98.57 31 
MHI10-56-2-c1 spot 4 Breccia 7113.7 0.062 99.52 50 
 
The pre-edge results can be displayed by plotting the centroid energy vs. the pre-edge 
peak integrated intensity (which is the sum of the area under the curves) (Figure 5.10). For 
our data, we have found that the separation between the average pre-edge centroid positions 
for Fe2+ and Fe3+ is 1.5 eV. The Fe3+ peak position for these samples has been assigned based 
on the position of the centroid for MHI10-56-2-c1 spot 6, which is an iron rich fragment in 
the deformed lithic fragment. 
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Figure 5.10. Variogram for iron in two impact melt fragments and the host breccia. Yellow 
circles represent the regions collected within the glass clast (MHI56-1-c1), the green 
diamonds are regions collected within the melt rock fragment (MHI56-2-c1), the red triangle 
denotes the iron rich spot in the lithic fragment and blue squares represent various regions 
collected form the host breccia. Shaded areas are from Giuli et al. (2002) and represent the 
positions of model compounds of various coordination states.  
 
In Figure 5.10, it can be seen that, with the exception of the iron rich spot, the regions 
collected within the clasts fall within the same range as the surrounding breccia. The iron rich 
spot falls within the range, which has been show in previous studies, to indicate a five-fold 
coordination in trivalent iron (e.g., Giuli et al. 2002, 2005, 2008). One breccia point (far left 
in Figure 5.10) falls within the range for five-fold coordination in divalent iron. The majority 
of the points seem to represent different amounts of divalent and trivalent iron in five-fold 
and four-fold coordination, with some trend towards six-fold iron in some of the breccia 
points. By examination of the centroid energies, it can be seen that the Fe oxidation state 
spans a wide range from 17–34 mol% Fe3+/ΣFe. This provides a more quantitative result that 
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the comparative qualitative analysis conducted above. Comparison with spectra by Berry et 
al. (2008) suggests that the Fe3+/ΣFe ratio of these materials falls within the 0.21 and 0.4 
range.  
Lukanin and Kadik (2007) suggest the following sequence to be used for the 
evaluation of impactites based on Fe3+/ΣFe values, listed from most reduced to most highly 
oxidized: (1) splash- form tektites; (2) Muong Nong-type tektites; (3) tektite-like impactites 
(irghizites); (4) impact glass; and (5) impact melt rocks. Ranges of Fe3+/ΣFe values have 
been established for a variety of impactites and are as follows; 0.02–0.12 for tektites and 
>0.20–0.59 for some target rocks and impact glasses found in or near impact craters (Lukanin 
and Kadik 2006). The results for the clasts examined in this current study fall within the 
range suggested for melt rocks found in the structure, as opposed to the range found in 
ballisticly ejected material, such as tektites. This agrees with both our expected result and 
data attained using the qualitative approach of comparing systematic trends in spectral 
features of the iron K-edge XANES with published data. This demonstrates the utility of the 
XANES technique when investigating the formation history of small impactites. 
5.5 Conclusion 
Here we have presented an overview of the characteristics of small melt clasts found 
in impact breccia dykes in the central uplift at the Mistastin Lake impact structure, including 
their internal heterogeneity and an examination of the oxidation state of Fe in the clasts. This 
was done to gain insight into the origins and formation history of these materials, and was 
carried out through the application of electron microprobe analyses, synchrotron radiation 
XRF microscopy and XANES mapping.  
Using microprobe spot analysis, it has been possible to assess the nature of small 
regions and fragments within the glass, and determine their origin minerals. It was found that 
the composition of the glass matrix is primarily homogeneous, and that the entrained lithic 
fragments consist of plagioclase, orthoclase and quartz. Some of these fragments have been 
partially incorporated into the glass matrix to varying degrees, and some subjected to 
alteration. This suggests a formation environment involving quartz monzonite derived melt 
and monzonite and anorthosite fragments. 
µXRF microscopy was used to collect information on element concentrations and 
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spatial distributions, with a specific focus on trace elements that could indicate the presence 
of a meteoritic component in the melt. Using the resultant data, glass clasts and the two main 
target rocks were compared, and through these analyses, the likelihood of a meteoritic 
contribution to the glass was evaluated. It was found that, in some of the glass clasts, the Cr 
concentration is higher than in the target rocks, and that the variation is much more 
significant than has been previously reported for melt from the melt rock at this structure 
(Palme et al. 1981). There is also an increase in the amount of Ni in some samples. A 
conclusive statement about the presence of a meteoritic component cannot be made on the 
basis of this data alone, however it is suggested that this material does indeed contain a small 
component in the impactor, and further work should be carried out using samples specifically 
prepared for this study. 
The oxidation state of iron in two melt clasts has been examined using XANES 
synchrotron techniques. Through two data reduction methods, it was found that the Fe3+/ΣFe 
ratio within various regions of the clasts generally falls within the range for target rocks and 
melt sheet. According to ratio ranges established in the literature (e.g., Lukanin and Kadik 
2007), this suggests that these melts originate as part of the melt body, and have not been 
involved in a ballistic emplacement, as suggested for similar breccias and melt clasts at other 
structures.  
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Chapter 6 
6 Thesis Discussion and Conclusion 
6.1 Conclusions and General Discussion 
This thesis has presented three papers, supported by a literature review, detailing an 
enquiry into the nature of the various impactites found on Horseshoe Island. This island, 
along with the much smaller Bullseye Island, is found near the centre of Lake Mistastin, and 
together they represent the remnants of the central uplift of the Mistastin Lake impact 
structure in central Labrador, Canada (e.g., Taylor and Dence 1969; Dence 1972; Grieve 
1975; Marchand and Crocket 1977; Marion and Sylvester 2010; Pickersgill et al. 2015; 
Mader and Osinski 2018).  
Here we summarize the major results and findings in each chapter and discuss how 
these lines of enquiry relate to the field of cratering research. In Chapter 3, we present the 
results of a detailed geological survey of Horseshoe Island. This was accomplished during 
the summer of 2010. The data collected was used to produce a geological map, which is the 
most detailed to date, and includes all exposed outcrops, as well as rock unit contacts, which 
are constrained with an increased level of accuracy. Extensive sampling was carried out, and 
through the use of optical microscopy, a variety of shock features were identified in the target 
rocks of the central uplift. These include planar deformation features (PDFs) and diaplectic 
feldspar glass. The orientation of PDFs in quartz grains were measured using a universal-
stage instrument installed on an optical microscope, and diaplectic glass was assessed using 
Raman spectroscopy. Investigations of these effects, has allowed a peak shock pressure of 45 
GPa to be assigned to these parautochthonous impactites, which correlates to a shock level of 
5a.  
The shock pressures of the uplifted target rocks of this structure are higher than 
observed at central uplifts of other craters of a similar size and target material (e.g., Siljan, 
Charlevoix, West Clearwater and the Slate Islands). This is attributed to the relatively 
minimal amount of erosion that has occurred at the Mistastin structure, estimated to be 
between 10 to 100 m of target material and melt rock (e.g., Phinney and Simonds 1977; 
Grieve and Cintala 1992; Marion 2009; Marion and Sylvester 2010; Mader and Osinski 
 
 
145 
2018) which has resulted in the preservation of the uppermost levels of the central uplift. 
Further evidence of this is the single melt rock outcrop near the centre of the island. We 
propose that the central uplift was originally completely covered by a veneer of melt rock, 
which was subsequently eroded away, leaving this outcrop. This small portion of melt rock 
on Horseshoe Island, combined with the high level of shock, suggests that the erosion of the 
parautochthonous target rocks of the central uplift has been minimal. Because of this 
exceptional preservation, the Mistastin structure is one of the best field locations at which to 
study a preserved central uplift in a crystalline target.  
The study of shock metamorphic effects is particularly important for complex 
structures with crystalline targets. In cases of sedimentary target rocks, the stratigraphic 
markers may be used to find the original position of uplifted materials. Crystalline targets 
frequently lack these abundant clues, making shock barometry an important tool when 
assessing displacement and erosion levels and tracking the propagation of the shock wave 
through the target material. It should be noted however, that the application is, in many cases, 
very complex, and both past and recent studies have shown how a large variation in a 
materials reaction to stress can be related to the exact lithology and grain sizes found at 
individual structures. Therefore all studies which add to the base of knowledge on shock 
metamorphic features in central uplifts are valuable contributions (e.g., Robertson and Grieve 
1977; Dence 2004; Rae et al. 2017).  
In Chapter 4 we examine the characteristics of six previously unstudied occurrences 
of breccia, which exist as dykes along the western shore of the island. These are thought, 
given the context within the central uplift, the level of erosion, and the stratigraphic position 
with respect to the coherent melt sheet that originally existed at Mistastin, to likely have been 
produced early in the crater formation process, and injected into impact-induced fractures in 
the host rock. Textural features of the breccia, such as flow textures at the outcrop and 
microscopic scales, and the sorting of clasts in some dykes, are evidence of an intrusive 
method of emplacement. In addition, the presence of small clasts of impact melt entrained in 
the breccia, indicates that at least some of the brecciated material originated closer to the 
initial impact than the surrounding target rock. One occurrence of impact breccia is also 
found near the centre of the island, where is exists as a layer underlying the melt rock 
outcrop.  
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Although the scope of this work does not extend to the formation of the central uplift, 
the presence of impact breccia dykes on Horseshoe Island does have implications to 
understanding this phenomenon, which has yet to be fully understood. It has been suggested 
that the presence of relative low friction material, such as breccia, dividing discrete rock 
blocks could facilitate the deformation required to produce the uplifts at complex craters 
(e.g., Melosh and Ivanov 1999; Senft and Stewart 2009). Breccia dykes of this type have 
been observed at many complex structures (e.g., the coastline of Slate Islands, Canada) 
(Grieve and Robertson 1976; Dressler et al. 1998; Grieve and Therriault 2004) It is difficult 
to assess the degree, if any, of movement on either side of the impact breccia dykes on 
Horseshoe Island, and further work would be required to discover if these particular dykes 
contributed to the deformation observed at the Mistastin structure.   
Two types of fragments, aside from lithic fragments of varying sizes, were noted in 
the impact breccia. These were classified as 1) glass clasts and 2) deformed and melted lithic 
fragments. These two clast types have very distinct characteristics, with the melt clasts being 
relatively homogeneous whole rock melts with entrained fragment and/or vesicles, and the 
deformed lithic fragments consisting of bands of differing compositions that likely represent 
individual mineral melts. Microprobe data was collected for the purpose of comparing the 
glass clasts to the melt rock previously sampled at the Mistastin structure and to the target 
rocks. Plotting the resulting data using a principal component analysis technique, revealed 
that the glass clasts found in the breccias on Horseshoe Island are distinctly different from 
the melt rock found at other sites around the structure. This is further confirmed through the 
application of melt mixing models, which show that these glasses are derived from 
approximately 92% quartz monzonite and 8% anorthosite. This is in contrast to previously 
sampled portions of the impact melt rock, where anorthosite is the dominant contributor 
(Marion and Sylvester 2010). The mixing model was also applied to the melt rock found on 
Horseshoe Island, with a result of approximately 93% quartz monzonite and 8% anorthosite. 
The variation between the melts and glasses found on the central uplift, and melts found in 
the inner terrace, most likely reflects the local relative abundance of the host rocks where the 
melt was created. This suggests that the melt created during the impact was significantly 
more heterogeneous than formerly thought. In addition, these results suggest a modification 
to the previously proposed pre-impact stratigraphy, by indicating a body of quartz monzonite 
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within the melt region, stratigraphically between bodies of the anorthosite (Figure 4.13). This 
demonstrates how these small impactite fragments may be used to study larger features in an 
impact structure. This has the potential of having particularly important applications at 
impact structures that are extensively eroded, even to the point where the impact melt rock 
and underlying breccia no longer remains. In these cases, breccia that has been intruded into 
the crater floor could represent the last remaining allochonous impactites. Impact glass that 
has been preserved in these materials can serve as a useful proxy for other components of the 
structure. 
In Chapter 5 we more closely examine the internal features of the glass clasts found 
in the impact breccia. To further map these internal features seen in BSE images, synchrotron 
radiation based x-ray fluorescence microscopy and microprobe analyses were applied. Using 
microprobe spot analyses, it is possible to assess the nature of small, entrained fragments 
within the glass clasts. Fragments of quartz, plagioclase and orthoclase feldspar were 
identified. In some cases these fragments have been melted and elongated and/or partially 
incorporated into the glass. This suggests a formation environment involving quartz 
monzonite derived melt and fragmental quartz monzonite and anorthosite, and supports the 
more complex pre-impact stratigraphy proposed in Chapter 4. 
µXRF microscopy was used to collect major and trace element concentrations and 
spatial distributions, with a focus on elements that could indicate the presence of a meteoritic 
contribution to the glass clasts. It was found that, in some clasts, the Cr concentration is 
significantly higher than in the target rocks, and previously reported values for melt rocks at 
this structure. An less pronounced increase of Ni is also noted in some samples. Though it 
was not possible to make a conclusive statement about the presence of a meteoritic 
component, it provides compelling evidence that a portion of the impactor has been 
incorporated into the melt rock, and that the glass clasts found on Horseshoe Island are a 
good candidate for future investigations into the nature of the impactor. In this chapter we 
also outline the ideal conditions to use when searching for a meteoritic component with a 
µXRF, which will be helpful for future investigations.  
The oxidation state of iron in two melt clasts has been examined using XANES 
synchrotron techniques. Through two data reduction methods, it was found that the Fe3+/ΣFe 
ratio within various regions falls within the range of the target rocks. According to ratio 
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ranges established in the literature (e.g., Berry et al. 2003, 2008; Lukanin and Kadik 2006), 
this suggests that these melts have their origin as part of the melt body, and have not been 
involved in a ballistic emplacement. This was the expected result for these particular 
materials, but demonstrates using melt clasts to examine the formation conditions of their 
host breccia. This technique has particular applications to impact melts where the origin or 
emplacement method is unknown.  
The overall themes of this study were to 1) increase our knowledge of the geology of 
the central uplift of the Mistastin Lake impact structure; 2) assess the shock levels found 
across the Horseshoe Island; 3) compare the impactites found on Horseshoe Island to other 
occurrences found around the inner terrace; 4) investigate the diversity and heterogeneity of 
melt fragments found in impact breccias and 5) use the aforementioned results to gain 
information about the formation of these impactites. This work has involved a number of 
techniques, and has confirmed the value of using a variety of methods when studying 
complex materials. Our focus on the small glass clasts found in the impact breccia has 
demonstrated the information that be can gleaned from such material, including insight into 
the chemistry of the impact melt rock, initial stratigraphy of the target and formation history 
of the glass and associated impact breccias. Overall, this study contributes to our 
understanding of the formation of the Mistastin Lake impact structure, knowledge that can be 
applied to other complex craters as well, and compliments other recent work that has been 
conducted on the geology and formation of central uplifts.   
6.2 Future Work  
More work should be carried out on the melt rock material, as well as the impact 
glass clasts to determine definitively if they do contain a meteoritic contribution and, if 
possible, to classify the impactor. For these purposes, the preparation of the samples should 
allow for accurate analysis of the iridium content of the materials (see suggested parameters 
in Chapter 5). Further work should also be done to model the original conditions of the 
impact and to determine the volume of melt and other crater-fill involved and the depth of the 
crater-fill relative to the central uplift elevation. This would help determine if the melt rock 
found on Horseshoe Island is indeed a remnant of a melt veneer, or if the central uplift was at 
one point completely covered by the melt sheet. In addition, investigations should be done to 
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discover how the impact breccia dykes could have contributed to the formation of the central 
uplift. This would involve an assessment of the movement between adjacent rock blocks, and 
ideally drilling to locate and sample other breccia dykes around Horseshoe Island.  
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Appendix 1 
Table A1. List of sites visited on Horseshoe Island, with corresponding samples numbers, 
lithologies, and UTM coordinates.  
Site # Sample # Lithology UTM Coordinates 
1 
 
Anorthosite 478641/6193901 
2 3 Anorthosite 478662/6193917 
3 1, 2 Anorthosite 478671/6193923 
4, 4b 4,6 Anorthosite 478733/6193942 
5 5 Anorthosite 478711/6193893 
6 
 
Anorthosite 478879/6194035 
7 7 Anorthosite 478935/6194079 
8 8 Anorthosite 478881/6194154 
9 9 Anorthosite 478901/6194253 
10 10 Anorthosite 479037/6194440 
11 
 
Anorthosite 479157/6194467 
12 11 Anorthosite 479402/6194517 
13 
 
Anorthosite 479531/6194668 
14 12 Anorthosite 479518/6194689 
15 13, 14 Quartz monzonite 479865/6194874 
16 15 Quartz monzonite 480170/6194889 
17 
 
Quartz monzonite 478557/6193159 
18 
 
Quartz monzonite 478710/6193033 
19 16, 17 Anorthosite 479337/6191772 
20 18 Anorthosite 479561/6191951 
20 19 Anorthosite 479506/6192400 
21 20 Anorthosite 479425/6192375 
22 21 Anorthosite 479151/6192562 
23 21 Quartz monzonite 478557/6193159 
24 
 
Quartz monzonite 478891/6192419 
25 
 
Quartz monzonite 478855/6192438 
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26 22 Quartz monzonite 478805/6192664 
27 
 
Quartz monzonite 478898/6192879 
28 23 Quartz monzonite 479170/6192991 
29 24 Anorthosite 479319/6193314 
30 25, 26, 27 Anorthosite 479532/6193521 
31 28 Anorthosite, Bullseye Island 481089/6193369 
32 
 
Small island, no outcrop 480572/6193452 
33 29 Anorthosite 480909/6192613 
34 30 Anorthosite 480997/6192287 
35 31 Anorthosite 480688/6192348 
36 32 Quartz monzonite 478325/6193847 
37 
 
Quartz monzonite 478373/6193585 
38 33 Quartz monzonite 478214/6193573 
39 34 Quartz monzonite 477815/6192943 
40 35 Quartz monzonite 477907/6192617 
41 36 Anorthosite 478905/6193565 
42 
 
Anorthosite 478906/6193607 
43 
 
38, 39, 40 
 
Quartz monzonite, impact melt rock, 
impact breccia 
478937/6193451 
 
44 
 
Quartz monzonite 479006/6193432 
45 41, 42 Quartz monzonite 479191/6193472 
46 43 Anorthosite 479484/6193737 
47 44 Quartz monzonite 479042/6193814 
48 45, 46 Anorthosite 480380/6193911 
49 47 Anorthosite 480681/6193996 
50 
 
Anorthosite 479563/6194212 
51 52 Anorthosite 480422/6192033 
52 53 Anorthosite 480795/6192039 
53 54 Anorthosite 480510/6192273 
54 
 
Anorthosite 480350/6192320 
55 
 
Anorthosite 480322/6192304 
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56 55 Anorthosite 479781/6192375 
57 
 
Quartz monzonite 478935/6193070 
58 
 
Quartz monzonite 478693/6193200 
59 
 
Anorthosite 478842/6194244 
60 
 
Anorthosite 478984/6194246 
61 
 
Anorthosite 478981/6194373 
62 
 
Anorthosite 478925/6194185 
63 
 
Anorthosite and quartz monzonite 
contact 478946/6194073 
64 
 
Quartz monzonite 478830/6194014 
65 
 
Quartz monzonite 478708/6193894 
66 
 
Quartz monzonite 479273/6194377 
67 56a, 56b Quartz monzonite, impact breccia 478262/6193799 
68 62 Anorthosite 481118/6191760 
69 
 
Quartz monzonite 479078/6193357 
70 57, 58 Quartz monzonite, impact breccia 478022/6193631 
71 59 Quartz monzonite, impact breccia 477756/6193119 
72 
 
Quartz monzonite 477727/6193059 
73 60 Quartz monzonite, impact breccia 477727/6192876 
74 
 
Quartz monzonite 477768/6192782 
75 
 
Quartz monzonite 478201/6192685 
76 
 
Quartz monzonite 478257/6192682 
77 
 
Quartz monzonite 478509/6192583 
78 
 
Quartz monzonite 478660/6192541 
79 
 
61 
 
Quartz monzonite and anorthosite 
contact, and impact breccia 
479079/6192097 
 
80 
 
Anorthosite 479285/6192082 
81 
 
Anorthosite 479292/6191835 
82 
 
Anorthosite 479245/6191802 
83 63 Anorthosite 481372/6191811 
84 
 
Anorthosite 481438/6191896 
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85 
 
Anorthosite 481484/6192155 
86 
 
Anorthosite 481573/6192257 
87 64 Anorthosite 481686/6192356 
88 65 Anorthosite 480382/6193741 
89 
 
Anorthosite 480566/6193824 
90 
 
Anorthosite 480665/6193880 
91 66 Anorthosite 480715/6193926 
92 67, 68, 69 
Anorthosite and quartz monzonite 
contact 480744/6193990 
93 70, 71 Quartz monzonite 480054/6195181 
94 72 Quartz monzonite 480121/6195067 
95 73 Anorthosite 479585/6194719 
96 
 
Anorthosite 479453/6194608 
97 
 
Quartz monzonite 478502/6193938 
98 75, 76 
Anorthosite and quartz monzonite 
contact 478950/6194079 
99 
 
Anorthosite 480425/6194110 
100 48 Anorthosite 480123/6193850 
101 49 Anorthosite 480062/6194089 
102 50 Anorthosite 479864/6194029 
103 51 Anorthosite 479709/6194099 
CAMP 
  
478537/6193952 
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Table A2. The results from microprobe spot analyses from the matrix of eleven impact glass 
clasts. The operating conditions were 15 kV, beam current of 20 nA, beam size of 5 µm and a 
counting time of 20 seconds. Values shown in wt%. 
Name Na2O MgO CaO K2O FeO SiO2 Al2O3 TiO2 MnO Total 
39-1-c2 1 2.54 1.53 3.46 5.72 9.27 56.40 15.62 1.56 0.16 96.26 
39-1-c2 2 2.57 1.51 3.54 5.76 9.72 56.65 15.57 1.59 0.19 97.11 
39-1-c2 3 2.40 1.72 3.75 5.20 10.71 55.64 15.45 1.71 0.23 96.80 
39-1-c2 4 2.58 1.48 3.50 5.69 9.35 56.79 15.69 1.54 0.16 96.78 
39-1-c2 5 2.53 1.53 3.56 5.16 9.61 56.97 15.73 1.61 0.19 96.89 
39-1-c2 6 2.69 1.63 3.63 4.79 9.77 56.54 15.46 1.62 0.17 96.30 
39-1-c2 7 2.64 1.67 3.52 5.24 10.51 55.70 15.52 1.64 0.23 96.66 
39-1-c2 8 2.55 1.48 3.61 5.08 9.51 56.49 15.56 1.58 0.16 96.02 
39-1-c2 
average 
2.56 1.57 3.57 5.33 9.81 56.40 15.57 1.61 0.19 96.60 
39-1-c2 SD 0.08 0.09 0.09 0.33 0.49 0.45 0.09 0.05 0.03 
 
           
56-1-c1 1 2.25 1.88 5.11 3.04 12.71 51.75 15.55 1.44 0.20 93.93 
56-1-c1 2 2.34 1.72 4.82 3.26 12.34 52.08 15.92 1.56 0.18 94.21 
56-1-c1 3 2.27 1.73 5.00 3.26 11.80 52.13 14.81 1.48 0.17 92.65 
56-1-c1 4 2.40 1.76 5.10 3.07 12.22 52.27 15.88 1.51 0.16 94.38 
56-1-c1 5 2.31 1.74 4.89 3.34 11.61 53.44 16.03 1.52 0.17 95.06 
56-1-c1 6 2.22 1.86 5.10 3.29 12.15 53.82 15.41 1.56 0.19 95.61 
56-1-c1 7 2.23 1.64 4.72 3.15 11.83 51.70 15.33 1.55 0.17 92.33 
56-1-c1 8 2.18 1.82 4.96 3.16 12.00 52.26 16.19 1.48 0.21 94.25 
56--c1 
average 
2.27 1.77 4.96 3.20 12.08 52.43 15.64 1.51 0.18 94.05 
56-1-c1 SD 0.07 0.07 0.13 0.10 0.33 0.73 0.42 0.04 0.02 
 
           
56-1-c6 1 2.48 1.42 3.19 3.53 8.93 58.81 14.49 1.11 0.22 94.18 
56-1-c6 2 2.41 1.51 3.10 3.61 9.12 59.54 14.89 1.09 0.22 95.49 
56-1-c6 3 2.37 1.54 3.07 3.49 9.00 57.41 14.00 1.09 0.19 92.16 
56-1-c6 4 2.41 1.43 3.05 4.36 8.82 60.19 14.14 1.11 0.21 95.72 
56-1-c6 
average 
2.42 1.47 3.10 3.75 8.97 58.99 14.38 1.10 0.21 94.39 
56c6 SD 0.04 0.05 0.05 0.36 0.11 1.03 0.34 0.01 0.01 
 
           
56-2-c5 1 2.42 1.50 3.55 3.18 9.51 59.44 14.37 1.28 0.24 95.48 
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56-2-c5 2 2.39 1.47 3.36 4.18 9.22 59.77 14.34 1.16 0.23 96.12 
56-2-c5 3 2.50 1.52 3.51 4.01 9.72 58.75 14.02 1.13 0.25 95.40 
56-2-c5 4 2.53 1.73 3.55 3.69 10.13 58.90 13.87 1.17 0.26 95.81 
56-2-c5 5 2.64 1.48 3.25 3.95 9.31 59.70 14.56 1.16 0.24 96.27 
56-2 c5 
average 
2.50 1.54 3.44 3.80 9.58 59.31 14.23 1.18 0.24 95.82 
56-2-c5 SD 0.09 0.10 0.12 0.35 0.33 0.42 0.25 0.05 0.01 
 
           
58-1-c3 1 3.30 1.34 3.58 3.77 8.32 61.13 15.18 0.98 0.15 97.74 
58-1-c3 2 2.63 1.35 3.30 4.49 8.53 60.24 15.11 1.07 0.20 96.92 
58-1-c3 3 2.42 1.49 2.95 4.34 8.81 61.72 14.35 0.96 0.26 97.30 
58-1-c3 4 2.47 1.13 2.84 6.31 7.18 61.21 15.45 0.94 0.15 97.67 
58-1-c3 
average 
2.71 1.33 3.17 4.73 8.21 61.07 15.02 0.99 0.19 97.41 
58-1-c3 SD 0.35 0.13 0.29 0.95 0.62 0.53 0.41 0.05 0.05 
 
           
58-1-c4 1 2.48 1.30 4.87 4.10 9.21 56.76 16.14 1.40 0.16 96.42 
58-1-c4 2 2.05 1.26 4.82 3.94 9.01 57.64 16.42 1.32 0.14 96.59 
58-1-c4 3 2.47 1.25 4.94 4.18 9.18 57.49 16.21 1.42 0.16 97.30 
58-1-c4 4 2.90 1.26 4.69 4.22 9.04 56.75 16.00 1.32 0.15 96.33 
58-1-c4 5 2.44 0.98 3.84 5.50 7.58 58.00 16.47 1.22 0.14 96.17 
58-1-c4 
average 
2.47 1.21 4.63 4.39 8.80 57.33 16.25 1.34 0.15 96.56 
58-1-c4 SD 0.27 0.12 0.40 0.56 0.62 0.50 0.18 0.07 0.01 
 
           
58-1-c7 1 2.28 1.43 3.59 4.61 8.47 58.58 14.54 1.08 0.15 94.73 
58-1-c7 2 2.49 0.84 3.16 6.42 6.15 60.59 15.80 0.73 0.10 96.29 
58-1-c7 3 2.12 1.15 3.07 3.60 7.67 65.58 12.48 0.87 0.13 96.65 
58-1-c7 4 2.31 1.29 3.57 4.98 8.28 59.75 15.24 1.08 0.14 96.62 
58-1-c7 
average 
2.30 1.18 3.35 4.90 7.64 61.13 14.52 0.94 0.13 96.07 
58-1-c7 SD 0.13 0.22 0.23 1.01 0.91 2.67 1.26 0.15 0.02 
 
           
58-2-c1 1 2.35 1.92 3.17 4.12 9.31 57.67 14.27 1.04 0.20 94.05 
58-2-c1 2 2.55 1.81 3.19 4.21 9.58 59.98 15.23 1.18 0.20 97.92 
58-2-c1 3 2.85 1.63 3.31 3.86 8.36 60.89 14.24 1.04 0.14 96.32 
58-2-c1 4 2.28 1.56 3.31 4.64 8.61 61.29 13.64 1.03 0.14 96.49 
58-2-c1 2.51 1.73 3.25 4.21 8.97 59.95 14.35 1.07 0.17 96.19 
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average 
58-2-c1 SD 0.22 0.14 0.07 0.28 0.50 1.40 0.57 0.06 0.03 
 
           
58-2-c4 1 1.85 2.31 2.80 3.30 9.42 59.92 13.49 0.96 0.17 94.20 
58-2-c4 2 3.40 1.83 3.51 3.30 8.65 59.58 16.13 0.85 0.16 97.41 
58-2-c4 3 2.63 1.73 2.71 4.97 8.38 60.45 14.90 1.17 0.13 97.07 
58-2-c4 4 2.35 1.65 3.42 4.14 8.62 61.04 14.76 1.12 0.17 97.26 
58-2-c4 
average 
2.56 1.88 3.11 3.93 8.77 60.25 14.82 1.02 0.15 96.49 
58-2 c4 SD 0.56 0.26 0.36 0.69 0.39 0.55 0.93 0.13 0.02 
 
           58-2-c3 1 2.03 1.93 6.30 3.92 11.20 52.68 17.23 1.26 0.27 96.81 
58-2-c3 2 1.80 2.11 7.06 3.44 12.16 54.93 13.08 1.31 0.32 96.22 
58-2-c3 3 2.28 2.06 6.61 3.41 12.38 54.69 13.19 1.27 0.30 96.20 
58-2-c3 4 2.32 2.09 6.69 3.65 12.72 54.05 12.97 1.22 0.31 96.01 
58-2-c3 5 2.37 2.09 6.71 3.54 12.54 54.35 13.07 1.30 0.28 96.24 
58-2-c3 6 2.26 2.06 6.86 3.05 12.32 55.01 13.13 1.28 0.31 96.28 
58-2-c3 7 2.79 1.88 5.83 3.85 10.20 55.73 15.02 0.93 0.25 96.48 
58-2-c3 8 2.33 1.85 6.30 4.03 10.55 56.56 13.41 1.21 0.26 96.50 
58-2-c3 9 2.45 2.13 6.60 3.28 12.57 54.06 13.04 1.28 0.27 95.68 
58-2-c3 10 2.50 1.99 6.70 3.45 12.23 53.68 12.74 1.27 0.27 94.83 
58-2-c3 
average 
2.31 2.02 6.57 3.56 11.89 54.58 13.69 1.23 0.28 96.12 
58-2-c3 SD 0.25 0.10 0.33 0.29 0.86 1.03 1.32 0.11 0.02 
 
           60-1-c2 1 1.18 1.61 3.92 2.37 10.58 48.68 15.19 1.07 0.13 84.72 
60-1-c2 2 1.72 1.61 4.52 3.33 11.17 55.25 14.15 1.49 0.17 93.41 
60-1-c2 3 1.74 1.62 4.59 3.13 11.56 53.27 13.91 1.39 0.18 91.38 
60-1-c2 4 1.17 1.53 4.24 3.50 11.19 52.68 14.15 1.33 0.18 89.97 
60-1-c2 5 2.01 1.55 4.53 3.31 11.56 54.76 14.07 1.50 0.18 93.46 
60-1-c2 6 1.99 1.67 4.60 3.38 11.65 55.38 14.23 1.55 0.18 94.62 
60-1-c2 7 1.63 1.61 4.47 3.30 11.30 54.66 14.18 1.48 0.17 92.79 
60-1-c2 8 1.94 1.57 4.43 3.42 11.14 54.00 14.06 1.44 0.17 92.15 
60-1-c2 9 1.96 1.60 4.33 3.11 11.22 54.81 14.14 1.47 0.18 92.81 
60-1-c2 10 1.43 1.61 4.43 2.17 11.00 51.89 14.18 1.38 0.18 88.26 
60-1-c2 
average 
1.68 1.60 4.41 3.10 11.23 53.54 14.23 1.41 0.17 91.36 
60-1-c2 SD 0.31 0.04 0.19 0.43 0.30 1.95 0.33 0.13 0.01 
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Table A3. The results from microprobe spot analyses from six impact glass clasts. The 
operating conditions were 15 kV, beam current of 20 nA, beam size of 20 µm and a counting 
time of 30 seconds. Values shown in wt%. 
Sample SiO2 Al2O3 Na2O MgO TiO2 CaO K2O P2O5 FeO MnO Total 
39-1-c2 01 56.65 15.73 3.27 1.38 1.23 3.42 5.09 0.37 8.66 0.19 96.04 
39-1-c2 02 56.41 15.87 3.06 1.4 1.27 3.5 4.84 0.42 8.69 0.16 95.62 
39-1-c2 03 56.99 15.44 3.16 1.45 1.16 3.68 4.87 0.39 8.98 0.21 96.33 
39-1-c2 04 55.97 15.68 3.07 1.49 1.29 3.59 4.83 0.39 9.54 0.18 96.05 
39-1-c2 05 56.14 15.75 3.07 1.54 1.35 3.67 4.92 0.41 9.55 0.21 96.93 
39-1-c2 06 55.78 15.75 3.12 1.55 1.21 3.63 4.86 0.43 9.64 0.18 96.36 
39-1-c2 07 57.35 15.27 3.11 1.43 1.24 3.47 4.97 0.41 8.97 0.18 96.56 
39-1-c2 08 55.71 15.76 2.99 1.57 1.31 3.61 4.73 0.46 9.73 0.2 96.11 
39-1-c2 09 56.74 15.71 3.15 1.43 1.24 3.55 5.21 0.42 9.04 0.2 96.88 
39-1-c2 10 56.55 15.79 3.13 1.45 1.26 3.55 5.2 0.42 9.08 0.18 96.62 
39-1-c2 11 56.3 15.54 3.07 1.51 1.27 3.67 5.02 0.42 9.16 0.18 96.27 
39-1-c2 12 55.81 15.48 2.98 1.52 1.32 3.76 5.24 0.38 9.61 0.19 96.37 
39-1-c2 13 55.01 15.52 2.9 1.64 1.4 3.68 5.2 0.48 10.27 0.21 96.47 
39-1-c2 14 55.98 15.51 2.84 1.53 1.37 3.75 5.18 0.46 9.67 0.19 96.71 
39-1-c2 15 55.53 15.57 2.75 1.53 1.33 3.79 5.38 0.46 9.61 0.19 96.35 
39-1-c2 16 55.71 15.68 3.01 1.54 1.33 3.75 5.34 0.49 9.55 0.19 96.6 
39-1-c2 17 55.82 15.66 3.02 1.51 1.28 3.66 5.6 0.42 9.31 0.19 96.59 
39-1-c2 18 55.64 15.71 2.92 1.49 1.27 3.64 5.66 0.48 9.45 0.19 96.58 
39-1-c2 19 55.39 15.5 2.98 1.53 1.36 3.74 5.48 0.46 9.73 0.17 96.37 
39-1-c2 20 55.6 15.62 2.94 1.52 1.28 3.65 5.58 0.43 9.53 0.19 96.36 
39-1-c2 21 57.74 16.41 3.42 1.19 1.1 3.24 5.74 0.33 7.24 0.14 96.73 
39-1-c2 22 56.43 15.98 2.94 1.49 1.28 3.54 5.08 0.4 9.17 0.19 96.68 
39-1-c2 23 56.24 15.83 3.1 1.42 1.23 3.54 5.47 0.37 8.91 0.19 96.5 
39-1-c2 24 55.61 15.78 3 1.46 1.32 3.61 5.32 0.43 9.23 0.18 95.96 
39-1-c2 25 55.9 15.72 2.99 1.51 1.31 3.6 5.5 0.46 9.36 0.19 96.59 
39-1-c2 26 56.23 15.83 3.09 1.35 1.2 3.44 5.66 0.48 8.61 0.2 96.28 
39-1-c2 27 56.65 15.81 3.14 1.36 1.17 3.4 5.67 0.41 8.43 0.15 96.26 
39-1-c2 28 55.27 15.43 2.92 1.49 1.31 3.7 5.3 0.44 9.36 0.19 95.49 
39-1-c2 29 55.55 15.63 3.1 1.59 1.33 3.67 5.48 0.43 9.46 0.21 96.52 
39-1-c2 30 55.63 15.56 3.05 1.54 1.33 3.58 5.55 0.46 9.4 0.22 96.43 
39-1-c2 31 55.13 15.48 3.04 1.55 1.35 3.68 5.45 0.49 9.75 0.2 96.14 
39-1-c2 32 56.23 15.67 3.08 1.35 1.14 3.31 5.94 0.44 8.31 0.16 95.77 
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39-1-c2 33 56.74 15.77 3.14 1.39 1.22 3.46 5.85 0.37 8.37 0.16 96.56 
39-1-c2 34 55.23 15.79 3.03 1.49 1.26 3.62 5.43 0.43 9.43 0.19 95.91 
39-1-c2 35 55.67 15.51 2.75 1.51 1.33 3.65 5.46 0.39 9.49 0.21 95.97 
39-1-c2 36 57.77 16.11 3.31 1.27 0.98 2.89 5.93 0.38 7.29 0.15 96.28 
39-1-c2 37 55.93 15.7 3.07 1.45 1.27 3.49 5.78 0.41 8.88 0.18 96.19 
39-1-c2 38 55.89 15.8 3.08 1.4 1.2 3.49 5.87 0.4 8.61 0.19 95.96 
39-1-c2 39 55.44 15.69 2.96 1.55 1.27 3.11 5.77 0.45 9.89 0.2 96.68 
39-1-c2 40 54.21 15.54 2.93 1.68 1.37 3.28 5.43 0.47 10.57 0.24 95.92 
Average 56.01 15.69 3.04 1.48 1.27 3.55 5.37 0.43 9.19 0.19 96.36 
39-1-c2 SD 0.71 0.20 0.13 0.09 0.08 0.18 0.33 0.04 0.65 0.02 0.33 
	 	 	 	 	 	 	 	 	 	 	 	58-cD 01 55.46 14.99 3.01 1.43 1.21 5.06 4.17 0.46 10.37 0.17 96.42 
58-cD 02 55.75 15.58 3.1 1.42 1.08 5.24 4.02 0.45 10.15 0.14 96.95 
58-cD 03 55.83 15.77 3.29 1.4 1.09 5.28 3.8 0.43 9.95 0.18 97.27 
58-cD 04 55.79 15.76 3.05 1.33 1.13 5.15 4.42 0.44 9.46 0.15 96.68 
58-cD 05 55.8 15.87 3.12 1.3 1.13 5.19 4.26 0.44 9.36 0.14 96.72 
58-cD 06 54.77 15.2 2.95 1.31 1.11 5.02 4 0.48 9.48 0.13 94.56 
58-cD 07 55.53 15.24 3.01 1.41 1.22 5.1 4.14 0.55 10.38 0.16 96.78 
58-cD 08 54.71 14.75 2.87 1.48 1.36 5.1 4.12 0.51 10.69 0.16 95.81 
58-cD 09 55.5 15.08 2.95 1.38 1.21 5.08 4.14 0.54 10.21 0.15 96.3 
58-cD 10 54.25 14.98 2.81 1.37 1.12 5.05 4 0.4 11.23 0.15 95.58 
58-cD 11 55.25 15.3 3.03 1.44 1.24 5.18 4.15 0.48 10.31 0.17 96.56 
58-cD 12 55.55 15.12 3.12 1.4 1.22 5.14 4.19 0.52 10.32 0.15 96.75 
58-cD 13 55.73 15.16 3.09 1.41 1.25 5.16 4.06 0.52 10.5 0.17 97.29 
58-cD 14 54.98 15.05 3.1 1.55 1.15 5.35 3.9 0.46 11.03 0.19 96.83 
58-cD 15 55.04 15.03 2.99 1.34 1.07 4.94 3.99 0.43 9.85 0.15 94.93 
58-cD 16 55.5 15.26 3.06 1.41 1.15 5.11 4.21 0.47 10.17 0.16 96.52 
58-cD 17 55.7 14.94 2.98 1.43 1.24 5.08 3.99 0.52 10.38 0.16 96.61 
58-cD 18 55.66 15 3.05 1.44 1.2 5.15 4.05 0.49 10.34 0.14 96.6 
58-cD 19 55.57 15.09 3.02 1.43 1.19 5.06 4.2 0.51 10.29 0.17 96.57 
58-cD 20 55.63 15.1 2.97 1.41 1.2 5.13 4.01 0.54 10.33 0.15 96.54 
58-cD 21 56.11 14.96 3.01 1.36 1.2 4.94 4.07 0.51 10.06 0.17 96.41 
58-cD 22 55.37 15.17 3.04 1.44 1.24 5.05 4.09 0.48 10.24 0.15 96.29 
58-cD 23 54.99 14.99 2.94 1.44 1.23 5.06 4.08 0.55 10.6 0.17 96.15 
58-cD 24 55.09 15.36 3 1.45 1.22 5.39 3.68 0.45 10.28 0.15 96.12 
58-cD 25 55.94 15.02 3.06 1.41 1.14 4.89 4.12 0.53 10.12 0.18 96.63 
58-cD 26 55.32 14.88 3.07 1.41 1.14 5.13 3.79 0.51 10.5 0.15 96.03 
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58-cD 27 55.51 15.14 3.11 1.42 1.23 5.1 4.05 0.47 10.34 0.16 96.55 
58-cD 28 55.53 15.14 3.01 1.42 1.23 5.09 3.82 0.57 10.4 0.12 96.37 
58-cD 29 55.64 15.42 3.16 1.39 1.25 5.05 3.98 0.48 10.29 0.17 97.1 
58-cD 30 55.69 15.22 3.1 1.42 1.22 5.04 4.08 0.49 10.23 0.17 96.73 
58-cD 31 55.79 15.07 2.98 1.43 1.19 5.03 4.13 0.5 10.22 0.13 96.51 
58-cD 32 55.7 15.09 2.85 1.39 1.22 5.12 4.19 0.48 10.05 0.16 96.27 
58-cD 33 55.46 14.96 3.03 1.54 1.19 5.18 3.99 0.55 11.02 0.18 97.41 
58-cD 34 55.38 15.08 3.06 1.5 1.2 5.19 4.06 0.51 10.7 0.18 97 
58-cD 35 55.25 15.13 3.1 1.46 1.2 5.3 4.07 0.5 10.44 0.13 96.82 
58-cD 36 55.35 15 2.93 1.42 1.19 5.01 4.01 0.46 10.03 0.15 95.61 
58-cD 37 55.81 15.26 2.76 1.43 1.2 5.08 4.04 0.45 10.27 0.16 96.56 
58-cD 38 55.67 15.14 3.08 1.39 1.22 5.09 4.12 0.49 10.18 0.15 96.6 
58-cD 39 56.5 14.96 2.32 1.37 1.22 5.06 4.08 0.51 10.16 0.14 96.55 
58-cD 40 55.95 15.4 2.99 1.36 1.18 5.15 3.86 0.49 9.99 0.13 96.51 
Average 55.5 15.17 3 1.41 1.19 5.11 4.05 0.49 10.27 0.16 96.5 
58-cD SD 0.40 0.24 0.14 0.05 0.05 0.10 0.14 0.04 0.37 0.02 
	
	 	 	 	 	 	 	 	 	 	 	 	58-1-c4 01 51.45 15.47 2.56 1.33 0.97 4.6 3.67 0.42 8.56 0.15 89.17 
58-1-c4 02 54.53 15.99 2.95 1.17 0.96 4.51 3.75 0.4 8.71 0.17 93.37 
58-1-c4 03 55.87 16.4 3.17 1.25 1.11 4.93 3.81 0.44 8.74 0.16 95.91 
58-1-c4 04 56.02 16.03 2.99 1.23 1.01 5.04 3.83 0.4 8.34 0.14 95.04 
58-1-c4 05 59.24 17.67 3.31 0.82 0.63 2.93 6.38 0.29 5.79 0.12 97.19 
58-1-c4 06 54.27 17.01 2.88 1.19 1.18 4.92 3.88 0.48 8.84 0.15 94.88 
58-1-c4 07 53.33 17.02 2.81 1.23 1.03 4.77 3.76 0.49 8.69 0.15 93.36 
58-1-c4 08 55.66 16.27 2.85 1.21 1.02 4.58 3.83 0.46 8.27 0.15 94.46 
58-1-c4 09 59.85 16.52 2.71 0.82 0.73 3.25 6.35 0.3 5.99 0.09 96.8 
58-1-c4 10 54.65 16.32 2.95 1.28 1.05 5.09 3.93 0.41 8.79 0.15 94.69 
58-1-c4 11 53.16 15.68 2.81 1.23 1.08 4.74 3.65 0.49 8.47 0.15 91.56 
58-1-c4 12 54.15 16.1 3.1 1.29 1.1 4.73 4.12 0.47 8.76 0.17 94.15 
58-1-c4 13 47.74 16.43 2.39 1.16 0.98 4.48 3.4 0.4 8.03 0.12 85.4 
58-1-c4 14 50.57 16.08 2.57 1.31 1 4.49 3.49 0.43 8.54 0.12 88.73 
58-1-c4 15 52.87 16.01 2.47 1.17 0.93 4.37 3.48 0.4 7.65 0.14 89.64 
58-1-c4 16 54.99 16.75 2.95 1.22 1.06 4.75 3.93 0.5 8.7 0.15 95.05 
58-1-c4 17 56.84 16.24 3.24 1.12 0.93 4.49 4.14 0.38 7.89 0.14 95.58 
58-1-c4 18 51.49 16.77 2.76 1.17 0.99 4.66 3.49 0.5 8.16 0.13 90.27 
58-1-c4 19 47.65 14.69 2.43 1.35 0.94 4.19 3.15 0.4 8.26 0.13 83.31 
58-1-c4 20 54.24 17.23 3.18 1.16 0.92 4.08 4.05 0.4 7.91 0.13 93.52 
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Average 53.93 16.33 2.85 1.18 0.98 4.48 4 0.42 8.15 0.14 92.64 
58-1-c4 SD 3.07 0.64 0.27 0.14 0.12 0.53 0.82 0.06 0.83 0.02 
	
	 	 	 	 	 	 	 	 	 	 	 	56-1-c1 01 51.35 15.02 2.31 1.79 1.29 5.45 2.91 0.58 12.02 0.19 92.95 
56-1-c1 02 50.28 15.82 2.23 1.74 1.22 5.27 2.82 0.54 11.91 0.2 92.07 
56-1-c1 03 49.78 15.29 2.21 1.68 1.14 5.52 2.52 0.67 11.07 0.17 90.16 
56-1-c1 04 50.76 15.86 2.09 1.54 0.99 5.25 3.4 0.75 10.06 0.17 91.02 
56-1-c1 05 51.29 15.38 2.35 1.62 1.13 5.07 3.09 0.52 10.85 0.18 91.49 
56-1-c1 06 51.44 15.02 2.52 1.8 1.32 5.39 2.96 0.71 11.83 0.22 93.42 
56-1-c1 07 50.1 15.91 2.15 1.74 1.18 5.12 3.28 0.66 10.94 0.18 91.35 
56-1-c1 08 51.32 15.13 2.29 1.61 1.23 5.29 3.34 0.56 11.03 0.2 92.08 
56-1-c1 09 52.24 15.14 2.14 1.69 1.33 4.93 3.49 0.57 11.58 0.18 93.31 
56-1-c1 10 50.87 15.49 2.58 1.79 1.21 5.28 2.62 0.66 11.63 0.22 92.4 
56-1-c1 11 51.21 15.23 2.53 1.81 1.18 5.27 2.91 0.59 11.86 0.19 93 
56-1-c1 12 51.09 15.3 2.2 1.77 1.21 4.99 3.34 0.54 11.2 0.18 91.84 
56-1-c1 13 50.13 15.71 1.95 1.62 1.07 5.06 3.39 0.65 10.58 0.17 90.44 
56-1-c1 14 52.73 15.02 1.92 1.5 1.08 5.6 3.02 0.53 9.27 0.16 90.93 
56-1-c1 15 51.07 14.75 2.16 1.74 1.15 6.15 2.88 0.55 11.55 0.2 92.29 
56-1-c1 16 50.37 15.3 2.21 1.74 1.15 5.27 2.71 0.58 11.22 0.16 90.79 
56-1-c1 17 50.79 15.47 2.26 1.75 1.16 5.33 2.67 0.52 10.92 0.19 91.24 
56-1-c1 18 51.04 15.04 2.14 1.78 1.1 5.33 3.11 0.55 11.26 0.2 91.6 
56-1-c1 19 50.07 15.24 2.24 1.64 1.57 5.14 3.05 0.49 10.78 0.19 90.59 
56-1-c1 20 51.28 15.58 1.97 1.59 1.38 5.23 2.7 0.53 10.77 0.18 91.38 
Average 50.96 15.33 2.22 1.7 1.2 5.3 3.01 0.59 11.12 0.19 91.74 
56-1-c1 SD 0.71 0.31 0.17 0.09 0.12 0.26 0.28 0.07 0.65 0.02 
	
	 	 	 	 	 	 	 	 	 	 	 	56-1-c6 01 51.55 14.27 2.38 1.47 0.68 3.26 3.32 0.37 7.68 0.19 85.43 
56-1-c6 02 56.45 13.97 2.64 1.39 0.88 3.01 4.16 0.43 8.52 0.22 91.73 
56-1-c6 03 52.67 15.78 2.63 1.55 0.88 3.06 3.46 0.39 8.71 0.21 89.33 
56-1-c6 04 52.77 14.21 2.59 1.57 0.94 3.17 3.21 0.38 8.56 0.22 87.78 
56-1-c6 05 53.34 13.79 2.47 1.54 0.88 3.38 3.03 0.52 8.58 0.24 87.88 
56-1-c6 06 59.34 13.82 3.09 1.46 0.82 3.04 3.88 0.35 8.36 0.19 94.41 
56-1-c6 07 54.15 15.7 3.01 1.42 0.74 3.12 3.01 0.3 7.87 0.18 89.62 
56-1-c6 08 54.35 14.77 2.65 1.46 0.83 2.98 3.8 0.42 8.19 0.23 89.7 
56-1-c6 09 55.5 15.45 2.78 1.49 0.8 3.18 3.31 0.44 8.59 0.21 91.96 
56-1-c6 10 53.96 15.46 3 1.53 0.91 3.05 3.48 0.39 8.78 0.19 90.87 
56-1-c6 11 52.11 14.97 2.78 1.48 1.03 3.1 3.47 0.46 8.86 0.21 88.63 
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56-1-c6 12 56.84 16.31 3.61 1.35 0.77 3.22 3.29 0.35 7.82 0.18 93.85 
56-1-c6 13 56.03 15.76 3.38 1.44 0.85 3.24 2.77 0.42 8.02 0.19 92.13 
56-1-c6 14 58.15 16.77 2.91 1.01 0.56 2.17 5.95 0.27 5.67 0.15 93.66 
56-1-c6 15 53.61 14.77 2.67 1.37 0.77 2.81 3.73 0.35 7.62 0.19 87.91 
56-1-c6 16 56.97 14.92 3.27 1.32 0.74 3.09 3.21 0.41 7.75 0.19 91.99 
56-1-c6 17 54.36 14.52 3.11 1.51 0.86 3.04 3.09 0.34 8.23 0.23 89.37 
56-1-c6 18 51.62 17.89 2.26 2.27 1.47 2.79 3.35 0.29 11.62 0.23 93.93 
56-1-c6 19 59.05 17.15 2.51 0.83 0.46 1.84 7.29 0.19 4.86 0.12 94.41 
56-1-c6 20 53.87 14.33 3.25 1.36 0.76 3.25 3.23 0.44 8.24 0.22 89.15 
56-1-c6 21 56.56 14.9 3.31 1.47 0.85 3.06 3.82 0.4 8.53 0.2 93.13 
56-1-c6 22 57.99 15.15 3.62 1.41 0.72 2.87 3.32 0.32 8.03 0.17 93.71 
56-1-c6 23 55.25 15.45 3.01 1.42 0.9 3.31 3.75 0.45 8.51 0.21 92.39 
56-1-c6 24 58.63 13.77 2.86 1.46 0.72 2.86 2.56 0.34 7.81 0.2 91.27 
56-1-c6 25 55.06 16.11 2.63 1.34 0.66 2.77 3.8 0.43 7.7 0.2 90.69 
Average 55.21 15.2 2.9 1.44 0.82 2.99 3.65 0.38 8.12 0.2 91.03 
56-1-c6 SD 2.28 1.05 0.36 0.23 0.18 0.33 0.96 0.07 1.14 0.03 
	
	 	 	 	 	 	 	 	 	 	 	 	56-2-c5 01 54.4 14.26 2.9 1.47 0.8 3.42 2.89 0.38 8.49 0.2 89.39 
56-2-c5 02 55.22 15.2 2.95 1.4 0.88 3.33 4.19 0.45 8.7 0.22 92.64 
56-2-c5 03 56.05 14.65 2.72 1.36 0.86 3.83 3.28 0.49 8.35 0.21 91.98 
56-2-c5 04 51.92 16.07 2.85 1.3 0.89 3.29 3.28 0.45 8.51 0.21 89 
56-2-c5 05 57.24 15.91 2.87 1.11 0.62 2.91 5.24 0.24 6.71 0.16 93.15 
56-2-c5 06 57 15.37 2.92 1.27 0.92 4.25 2.85 0.44 7.7 0.18 93.04 
56-2-c5 07 58.09 14.05 3.13 1.39 0.89 3.75 3.34 0.57 8.52 0.22 94.08 
56-2-c5 08 54.47 16.95 2.54 1.33 0.82 4.06 3.17 0.46 7.39 0.15 91.34 
56-2-c5 09 57.41 15.27 2.71 1.22 0.69 3.93 4.51 0.48 7.2 0.2 93.84 
56-2-c5 10 56.16 14.72 2.89 1.3 0.73 2.85 4.5 0.31 8.17 0.2 91.83 
56-2-c5 11 54.9 14.74 3.01 1.39 0.88 3.29 3.52 0.45 8.49 0.2 91.05 
56-2-c5 12 53.82 15.68 2.95 1.37 0.87 3.35 3.55 0.41 8.6 0.2 91.04 
56-2-c5 13 56.11 14.71 3 1.39 0.89 3.69 3.36 0.53 8.85 0.22 92.85 
56-2-c5 14 53.01 16.34 3.12 1.42 0.79 3.51 2.75 0.38 8.39 0.19 89.97 
56-2-c5 15 51.58 17.24 3.07 1.3 0.75 3.47 2.61 0.41 7.8 0.19 88.45 
56-2-c5 16 55.95 15.06 2.69 1.3 0.84 3.8 3.17 0.41 8.15 0.21 91.65 
56-2-c5 17 56.81 15.56 3.18 1.21 0.84 3.84 3.16 0.35 7.44 0.2 92.72 
56-2-c5 18 57.57 14.39 2.73 1.31 1.08 4.24 2.75 0.56 7.61 0.18 92.59 
56-2-c5 19 58.71 13.33 2.58 1.34 0.88 3.34 2.97 0.37 8.43 0.18 92.15 
56-2-c5 20 57.54 15.25 2.17 1.25 0.87 4.69 2.64 0.4 6.96 0.17 92.04 
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56-2-c5 21 56.15 14.06 2.46 1.29 0.93 3.38 3.11 0.37 8.38 0.2 90.46 
56-2-c5 22 54.15 16.25 3.05 1.31 0.81 3.55 3.38 0.41 7.68 0.16 91.02 
56-2-c5 23 56.54 14.72 2.88 1.37 0.86 3.85 3.29 0.38 8.11 0.19 92.46 
56-2-c5 24 56.28 15.76 2.99 1.46 0.73 3.28 3.29 0.36 8.56 0.22 92.95 
56-2-c5 25 54.66 17.89 2.89 1.21 0.76 3.45 3.25 0.35 7.45 0.16 92.22 
Average 55.67 15.34 2.85 1.32 0.83 3.61 3.36 0.42 8.02 0.19 91.79 
56-2-c5 SD 1.80 1.04 0.23 0.08 0.09 0.41 0.62 0.07 0.58 0.02 
	
	 	 	 	 	 	 	 	 	 	 	 	60-1-c2 01 54.85 14.57 1.78 1.43 1.06 4.56 2.83 0.75 9.94 0.14 92 
60-1-c2 02 51.09 13.93 1.92 1.6 1.07 5.31 2.88 0.52 10.65 0.25 89.24 
60-1-c2 03 53.5 14.46 2.1 1.59 1.13 4.54 3.07 0.55 11.03 0.17 92.17 
60-1-c2 04 52.48 14.57 2.23 1.55 1.13 4.56 3.04 0.52 10.64 0.16 90.97 
60-1-c2 05 53.17 14.31 2.11 1.57 1.12 4.69 3.08 0.49 10.8 0.17 91.64 
60-1-c2 06 48.47 16.61 1.97 1.44 1 4.32 2.9 0.48 10.01 0.16 87.52 
60-1-c2 07 52.96 13.58 1.94 1.55 1.12 4.47 2.96 0.44 10.8 0.16 90.04 
60-1-c2 08 44.23 12.02 1.46 1.35 0.93 11.46 2.15 0.45 9.26 0.35 83.71 
60-1-c2 09 50.86 13.95 1.73 1.61 1.04 4.58 2.85 0.49 10.41 0.15 87.71 
60-1-c2 10 51.42 15 2.11 1.56 1.21 4.8 3.15 0.56 11.04 0.19 91.05 
60-1-c2 11 51.49 14.1 2.11 1.6 1.24 4.53 3.06 0.56 11.72 0.15 90.74 
60-1-c2 12 52.98 14.5 1.84 1.58 1.09 4.34 2.87 0.53 10.46 0.15 90.36 
60-1-c2 13 51.36 14.37 1.98 1.57 1.11 4.46 3.08 0.54 10.58 0.15 89.25 
60-1-c2 14 50.75 15.24 2.24 1.56 1.14 4.36 2.95 0.54 10.34 0.19 89.44 
60-1-c2 15 52.15 14.42 2.4 1.54 1.18 4.57 3.24 0.54 10.94 0.16 91.16 
60-1-c2 16 50.21 13.84 2.02 1.59 1.07 6.27 3 0.58 10.43 0.26 89.36 
60-1-c2 17 51.81 15.16 1.94 1.56 1.07 4.36 2.94 0.53 10.38 0.16 89.92 
60-1-c2 18 51.97 14.35 1.27 1.66 1.06 4.53 2.69 0.5 10.74 0.15 89.02 
60-1-c2 19 52.32 14.53 1.89 1.56 1.25 4.45 2.9 0.52 10.68 0.18 90.32 
60-1-c2 20 50.45 15.06 2.16 1.53 1.07 4.2 2.92 0.49 10.09 0.17 88.17 
60-1-c2 21 53.32 13.95 1.93 1.59 1.25 4.75 2.94 0.56 11.17 0.19 91.78 
60-1-c2 22 52.68 14.33 1.86 1.53 1.08 4.4 3.07 0.51 10.4 0.16 90.07 
60-1-c2 23 51.71 14.23 1.85 1.53 1.06 4.67 2.51 0.53 10.13 0.18 88.64 
60-1-c2 24 54.38 14.07 2.04 1.54 1.12 4.56 2.88 0.52 10.52 0.18 92.08 
60-1-c2 25 51.93 14.78 1.87 1.62 1.09 4.74 2.8 0.54 10.65 0.2 90.24 
Average 51.7 14.4 1.95 1.55 1.11 4.9 2.91 0.53 10.55 0.18 89.9 
60-1-c2 SD 2.03 0.77 0.23 0.06 0.07 1.40 0.21 0.06 0.47 0.04 
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Table A4. EDS analysis of 15 regions of melt rock from Horseshoe Island. Values shown in 
wt%.  
Region Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO 
1 3.21 0.8 15.25 62.43 0.69 3.9 4.55 1.31 0.14 7.71 
2 3.14 0.77 15.12 61.85 0.7 3.84 4.45 1.37 0.12 8.64 
3 3.27 0.84 15.19 62.12 0.79 3.87 4.4 1.27 0.15 8.1 
4 3.22 0.9 15.37 61.81 0.7 3.68 4.66 1.28 0.16 8.22 
5 3.25 0.83 15.26 61.89 0.72 3.83 4.54 1.33 0.07 8.26 
6 3.23 0.84 15.25 61.83 0.65 3.85 4.51 1.31 0.18 8.35 
7 3.23 0.78 15.25 62.25 0.76 4.07 4.42 1.27 0.14 7.83 
8 3.18 0.95 15.23 61.71 0.68 3.83 4.56 1.26 0.16 8.45 
9 3.26 0.84 15.15 62.59 0.73 3.84 4.51 1.3 0.11 7.68 
10 3.24 0.83 15.29 62.17 0.72 3.98 4.46 1.19 0.11 8.01 
11 3.23 0.88 15.21 61.79 0.73 3.92 4.49 1.26 0.13 8.36 
12 3.22 0.81 15.38 61.93 0.71 3.8 4.52 1.32 0.11 8.21 
13 3.23 0.82 15.32 62.05 0.71 3.8 4.52 1.29 0.14 8.11 
14 3.2 0.81 15.19 62.28 0.69 3.82 4.58 1.28 0.19 7.98 
15 3.21 0.8 15.28 61.8 0.68 3.96 4.58 1.27 0.13 8.29 
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Table A5. Microprobe spot analyses results collected from fragments entrained in five clasts 
(MHI10-56-1 c1 and c6, MHI10-58 cD, MHI10-58-1 c4 and MHI10-60-1 c2). The operating 
conditions were 15 kV, beam current of 20 nA, beam size of 20µm and a counting time of 30 
seconds. Results are shown in wt%.  
Sample SiO2 Al2O3 Na2O K2O MgO TiO2 CaO FeO P2O5 Total 
56-1-c1 red_01 56.43 18.81 0.03 2.25 0.39 0.03 7.15 0.30 0.00 85.46 
56-1-c1 red_02 56.46 18.53 0.06 1.96 0.43 0.18 7.46 0.38 nd 85.56 
56-1-c1 red_03 56.41 18.76 0.06 2.16 0.40 0.17 7.44 0.32 0.03 85.89 
56-1-c1 red_04 63.16 21.33 4.45 1.69 0.18 0.03 5.34 1.18 0.02 97.49 
56-1-c1 red_05 57.59 18.95 0.83 2.10 0.38 0.02 7.44 0.23 0.02 87.67 
56-1-c1 red_06 59.56 16.58 0.08 2.09 0.50 0.20 6.87 0.59 0.03 86.58 
56-1-c1 red_07 58.04 19.57 0.23 2.20 0.41 0.02 7.74 0.22 nd 88.43 
           56-1 c1 r1 01 58.97 17.78 0.04 2.48 0.45 0.04 7.23 0.29 0.03 87.35 
56-1 c1 r1 02 57.01 17.63 0.03 2.50 0.43 0.04 7.14 0.20 0.03 85.08 
56-1 c1 r1 03 57.33 18.25 0.04 2.08 0.40 0.03 7.39 0.21 0.01 85.89 
56-1 c1 r1 04 56.42 18.01 0.04 2.32 0.40 0.04 7.40 0.17 0.04 84.96 
56-1 c1 r1 05 57.77 17.80 0.03 2.29 0.42 0.03 7.27 0.18 0.02 85.93 
56-1 c1 r1 06 58.01 18.09 0.02 2.27 0.44 nd 7.37 0.08 0.02 86.38 
56-1 c1 r1 07 57.28 17.40 0.02 2.35 0.44 0.02 7.37 0.23 0.02 85.20 
56-1 c1 r1 08 56.76 18.05 0.05 2.39 0.41 nd 7.48 0.12 0.02 85.44 
56-1 c1 r1 09 57.40 18.16 0.12 2.33 0.42 0.02 7.40 0.17 nd 86.12 
56-1 c1 r1 10 57.05 17.89 0.01 2.37 0.39 0.02 7.32 0.16 0.01 85.44 
           56-1 c1 r2 01 59.49 24.40 6.68 1.07 0.26 0.01 5.75 1.40 0.01 99.09 
56-1 c1 r2 02 60.29 25.15 6.56 0.72 0.06 0.02 6.93 0.36 0.02 100.17 
56-1 c1 r2 03 61.01 24.91 6.95 1.28 0.03 0.02 6.11 0.37 nd 100.80 
56-1 c1 r2 04 60.20 23.53 5.08 3.28 0.08 0.04 5.52 0.34 0.01 98.22 
56-1 c1 r2 05 63.32 21.86 4.22 7.31 0.04 0.03 3.11 0.27 nd 100.23 
56-1 c1 r2 06 62.08 20.25 3.18 9.03 0.11 0.05 1.92 0.71 nd 97.58 
56-1 c1 r2 07 59.08 23.38 4.90 2.53 0.34 0.06 5.99 1.97 0.02 98.47 
56-1 c1 r2 08 54.07 19.19 2.73 3.04 0.43 0.06 4.76 1.37 0.03 85.86 
56-1 c1 r2 09 61.60 20.13 3.23 7.25 0.13 0.05 2.32 0.53 0.05 95.50 
56-1 c1 r2 10 60.26 24.65 6.68 1.30 0.13 0.00 6.39 1.02 0.01 100.46 
           56-1 c6 01 99.54 0.06 0.00 0.01 0.00 0.03 0.02 0.16 0.01 100.02 
56-1 c6 02 58.34 18.77 0.04 2.41 0.41 nd 7.99 0.25 nd 88.41 
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56-1 c6 03 99.58 0.04 0.01 0.03 0.01 0.01 0.03 0.20 nd 99.97 
56-1 c6 04 67.79 19.86 11.60 0.15 0.01 nd 0.06 0.14 nd 99.85 
56-1 c6 05 68.04 19.92 11.55 0.07 0.00 0.03 0.09 0.20 0.00 99.97 
56-1 c6 06 64.74 19.10 4.88 2.25 0.09 0.02 1.42 0.61 0.01 93.32 
56-1 c6 07 55.63 17.31 0.04 2.45 0.39 nd 7.03 0.20 0.01 83.34 
56-1 c6 08 56.69 17.57 0.04 2.55 0.39 0.00 7.32 0.24 nd 84.83 
56-1 c6 09 99.30 0.04 0.01 0.02 nd 0.03 0.02 0.23 nd 99.85 
56-1 c6 10 99.39 0.03 nd 0.01 0.01 0.06 0.03 0.24 nd 99.83 
56-1 c6 11 67.73 19.68 11.62 0.09 nd 0.04 0.05 0.20 0.01 99.51 
           58-cD 01 57.06 16.98 0.06 1.70 0.58 0.05 6.51 0.24 0.01 83.25 
58-cD 02 59.09 16.80 0.05 2.05 0.69 nd 5.91 0.22 nd 84.89 
58-cD 03 58.01 16.33 0.13 2.19 0.54 nd 6.11 0.28 nd 83.64 
58-cD 04 58.48 17.61 0.06 2.04 0.69 nd 6.27 0.20 0.01 85.45 
58-cD 05 58.13 16.60 0.06 2.14 0.62 0.00 5.98 0.16 0.00 83.88 
58-cD 06 56.79 17.42 0.06 1.71 0.69 nd 6.50 0.20 0.00 83.61 
58-cD 07 57.49 16.77 0.09 1.87 0.67 0.01 6.29 0.17 0.01 83.37 
58-cD 08 56.98 16.92 0.09 1.91 0.66 0.00 6.41 0.24 0.01 83.23 
58-cD 09 58.88 17.48 0.08 2.39 0.76 0.00 5.82 0.23 0.01 85.88 
           58-cD r1 01 59.31 25.64 6.07 3.32 0.02 nd 5.71 0.28 0.00 100.62 
58-cD r1 02 59.20 25.61 6.05 3.37 0.02 0.01 5.89 0.30 nd 100.62 
58-cD r1 03 58.93 25.40 5.90 3.33 0.07 0.02 5.86 0.75 nd 100.48 
58-cD r1 04 58.69 19.53 3.37 2.70 0.85 0.73 5.09 6.07 0.35 97.49 
58-cD r1 05 57.86 25.04 5.56 3.37 0.25 0.06 5.76 2.06 0.02 100.03 
58-cD r1 06 59.02 25.12 5.59 3.53 0.07 0.02 6.08 0.78 0.06 100.48 
58-cD r1 07 59.23 25.41 5.57 3.73 0.04 0.02 5.94 0.50 0.00 100.48 
58-cD r1 08 59.36 25.58 5.58 3.34 0.01 0.01 6.31 0.24 nd 100.54 
58-cD r1 09 59.20 25.43 5.65 3.72 0.02 nd 5.98 0.31 nd 100.48 
58-cD r1 10 59.32 25.44 5.37 3.60 0.02 0.04 6.26 0.35 0.00 100.43 
           58-cD r2 01 59.43 25.77 5.98 2.93 0.01 nd 6.06 0.32 0.04 100.70 
58-cD r2 02 59.59 25.80 5.32 2.98 0.04 0.02 6.04 0.51 0.00 100.46 
58-cD r2 03 59.35 25.39 5.51 3.25 0.03 0.02 6.51 0.32 0.00 100.42 
58-cD r2 04 59.73 25.53 5.30 2.89 0.00 0.02 6.63 0.18 0.02 100.37 
58-cD r2 05 62.00 26.19 2.70 2.83 0.01 0.01 6.90 0.17 0.01 100.82 
58-cD r2 06 59.64 25.67 5.83 2.95 0.00 0.01 6.23 0.20 nd 100.56 
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58-cD r2 07 59.72 25.48 5.43 3.09 0.01 0.02 6.46 0.17 0.01 100.54 
58-cD r2 08 59.92 25.51 5.29 2.98 0.00 nd 6.51 0.17 0.00 100.56 
58-cD r2 09 59.12 25.23 5.05 3.47 nd 0.02 6.31 0.19 0.00 99.69 
58-cD r2 10 59.68 25.51 5.15 3.70 0.01 0.01 6.26 0.20 0.00 100.52 
           58-1-c4 01 65.11 19.67 4.01 7.25 0.01 0.04 0.84 0.24 0.00 97.28 
58-1-c4 02 60.21 25.41 7.50 0.70 0.02 0.02 6.36 0.42 nd 100.84 
58-1-c4 03 58.12 25.48 4.83 4.05 0.01 0.02 6.44 0.25 0.01 99.24 
58-1-c4 04 100.70 0.07 0.01 0.03 0.00 0.01 0.04 0.19 0.00 101.10 
58-1-c4 05 58.92 25.89 4.81 3.89 nd 0.02 6.97 0.28 nd 100.95 
58-1-c4 06 100.33 0.08 0.00 0.03 0.01 0.03 0.04 0.23 nd 100.88 
           60-1-c2 01 63.29 20.21 3.47 2.98 0.01 0.10 0.76 0.16 0.02 91.01 
60-1-c2 02 99.95 0.02 0.01 0.00 0.00 0.03 0.03 0.08 nd 100.24 
60-1-c2 03 58.81 23.89 6.41 0.54 0.45 0.00 6.50 2.12 0.01 98.85 
60-1-c2 04 99.72 0.21 nd 0.02 0.01 0.03 0.10 0.18 0.00 100.30 
60-1-c2 05 59.26 24.24 6.49 0.78 0.27 0.03 6.54 1.36 nd 99.12 
60-1-c2 06 60.24 25.10 7.59 0.43 0.00 0.02 6.46 0.26 nd 100.16 
60-1-c2 07 64.28 18.91 3.13 10.22 nd 0.06 0.14 0.20 nd 96.94 
60-1-c2 08 60.46 25.45 7.62 0.51 nd 0.01 6.54 0.28 nd 100.87 
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Table A6. XANES data from six ROIs in, and around, clast MHI10-56-2 c1. Absorbance 
values are shown in arbitrary units. 
Energy (eV) Spot 2 Spot 1 Spot 3 Spot 4 Spot 5 
7050 1.09E-03 2.64E-04 1.06E-03 1.14E-03 1.12E-03 
7055 3.63E-04 5.58E-04 8.92E-04 3.60E-04 8.73E-04 
7060 -1.23E-03 -7.62E-04 -1.19E-03 -4.75E-04 -8.65E-04 
7065 -5.77E-04 3.34E-04 -2.83E-05 -1.07E-03 2.90E-04 
7070 3.83E-05 -2.57E-04 -6.41E-04 -9.49E-04 -3.86E-04 
7075 -1.22E-03 -6.40E-04 -1.30E-03 4.21E-04 -1.24E-03 
7080 1.38E-03 -3.56E-04 -8.87E-04 -6.60E-04 -3.04E-04 
7085 -2.74E-04 5.42E-04 9.57E-04 5.19E-04 -2.10E-04 
7090 4.73E-04 3.16E-04 2.16E-04 1.02E-05 -7.11E-04 
7091 -4.45E-05 5.75E-04 9.20E-04 6.98E-04 -3.92E-04 
7092 6.85E-04 8.86E-04 5.59E-04 -1.72E-03 -3.98E-04 
7093 4.20E-04 6.13E-05 1.03E-03 9.30E-04 -6.97E-04 
7094 3.58E-04 5.28E-04 1.11E-03 -1.58E-05 -3.77E-04 
7095 7.16E-04 6.52E-04 9.31E-04 4.00E-04 -6.93E-05 
7096 -1.49E-04 2.52E-03 1.44E-03 3.02E-03 5.21E-05 
7097 1.60E-03 1.15E-03 1.40E-03 8.22E-04 3.14E-04 
7098 2.11E-03 9.60E-04 9.48E-04 9.38E-04 5.63E-04 
7099 9.50E-04 2.13E-03 1.79E-03 1.05E-03 6.85E-04 
7100 2.41E-03 2.02E-03 1.86E-03 -4.09E-04 6.43E-04 
7100.5 1.86E-03 2.48E-03 3.53E-03 2.81E-03 1.11E-03 
7101 3.22E-03 3.03E-03 1.97E-03 6.87E-04 1.52E-03 
7101.5 3.27E-03 2.52E-03 3.69E-03 2.82E-03 1.51E-03 
7102 3.70E-03 3.81E-03 3.44E-03 4.56E-03 2.22E-03 
7102.5 3.73E-03 3.42E-03 3.87E-03 4.02E-03 2.58E-03 
7103 3.20E-03 3.47E-03 3.71E-03 5.14E-03 2.52E-03 
7103.5 5.19E-03 4.11E-03 3.70E-03 3.13E-03 3.16E-03 
7104 4.65E-03 4.79E-03 4.74E-03 5.09E-03 3.67E-03 
7104.5 4.44E-03 5.97E-03 5.73E-03 4.28E-03 3.84E-03 
7105 5.36E-03 5.56E-03 6.06E-03 5.35E-03 4.34E-03 
7105.5 5.30E-03 6.50E-03 6.67E-03 6.19E-03 5.04E-03 
7106 6.48E-03 6.40E-03 7.20E-03 7.09E-03 5.52E-03 
7106.5 7.30E-03 7.61E-03 7.68E-03 5.66E-03 6.33E-03 
7107 7.29E-03 8.26E-03 8.34E-03 5.44E-03 6.82E-03 
7107.5 8.48E-03 8.32E-03 8.74E-03 6.15E-03 7.77E-03 
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7108 9.69E-03 9.35E-03 1.04E-02 9.21E-03 8.89E-03 
7108.5 1.04E-02 1.03E-02 1.10E-02 7.93E-03 8.92E-03 
7109 1.06E-02 1.26E-02 1.22E-02 9.19E-03 1.08E-02 
7109.5 1.31E-02 1.41E-02 1.33E-02 1.05E-02 1.24E-02 
7110 1.55E-02 1.54E-02 1.50E-02 1.11E-02 1.44E-02 
7110.5 1.80E-02 1.85E-02 1.81E-02 1.38E-02 1.70E-02 
7111 2.21E-02 2.23E-02 2.05E-02 1.93E-02 2.12E-02 
7111.5 3.04E-02 3.10E-02 2.70E-02 2.37E-02 2.98E-02 
7112 4.54E-02 4.66E-02 3.63E-02 3.12E-02 4.51E-02 
7112.5 6.35E-02 6.27E-02 4.12E-02 3.85E-02 6.27E-02 
7113 6.79E-02 6.87E-02 4.61E-02 4.40E-02 6.87E-02 
7113.5 6.58E-02 6.51E-02 5.07E-02 4.80E-02 6.53E-02 
7114 6.37E-02 6.42E-02 5.55E-02 5.41E-02 6.56E-02 
7114.5 6.31E-02 6.50E-02 5.67E-02 6.00E-02 6.53E-02 
7115 6.10E-02 6.14E-02 5.72E-02 5.85E-02 6.20E-02 
7115.5 5.86E-02 6.06E-02 5.73E-02 5.82E-02 6.10E-02 
7116 6.32E-02 6.51E-02 6.01E-02 5.71E-02 6.46E-02 
7116.5 7.46E-02 7.72E-02 6.56E-02 5.97E-02 7.51E-02 
7117 9.34E-02 9.41E-02 7.53E-02 6.58E-02 9.35E-02 
7117.5 0.11952439 0.12310997 9.29E-02 7.83E-02 0.12048795 
7118 0.16023386 0.16373893 0.1219419 0.10169795 0.16067936 
7118.5 0.21365407 0.21853258 0.15961453 0.13097446 0.21563981 
7119 0.28664399 0.28962603 0.207502 0.16583327 0.29018731 
7119.5 0.3774769 0.37747756 0.26679689 0.21139372 0.37960884 
7120 0.47061213 0.47611771 0.34402278 0.2750081 0.47440834 
7120.5 0.56419104 0.56176435 0.43537482 0.35057674 0.56661364 
7121 0.64587062 0.64419269 0.53776516 0.42871358 0.64735135 
7121.5 0.70914362 0.71387282 0.62472581 0.50956156 0.71364667 
7122 0.76386686 0.77272112 0.68806241 0.57273684 0.77120423 
7122.5 0.81725907 0.82349763 0.73478835 0.62131648 0.82208889 
7123 0.86661023 0.87466992 0.78282042 0.67428027 0.87232026 
7123.5 0.92413942 0.93077903 0.83805755 0.72950419 0.93113773 
7124 0.98987063 0.99235611 0.92086554 0.81315693 0.99527486 
7124.5 1.0507574 1.0611614 1.0135476 0.89700028 1.0616052 
7125 1.1236114 1.1216761 1.1106877 0.99124575 1.1281805 
7125.5 1.1788982 1.1690468 1.1844663 1.0726111 1.1841981 
7126 1.2154427 1.2179486 1.237084 1.1339892 1.22694 
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7126.5 1.2490014 1.2461241 1.2606615 1.1772588 1.2569077 
7127 1.2669355 1.2509904 1.2672095 1.1961298 1.2697382 
7127.5 1.2696287 1.2638972 1.2664602 1.2139116 1.2761991 
7128 1.2732332 1.2542655 1.2705237 1.2413875 1.2747622 
7128.5 1.268192 1.2559238 1.280621 1.2616472 1.272287 
7129 1.2665204 1.2493229 1.2974051 1.3067141 1.2675603 
7129.5 1.2575221 1.2478672 1.3284432 1.3397995 1.2641985 
7130 1.249723 1.2392666 1.3568335 1.3757441 1.2586435 
7130.5 1.2439144 1.2313534 1.3746895 1.4020763 1.2482005 
7131 1.2338609 1.2207634 1.3669126 1.4190684 1.2378275 
7131.5 1.2136028 1.2073302 1.334603 1.41286 1.225448 
7132 1.212243 1.203406 1.3031737 1.4151475 1.2182364 
7132.5 1.1876201 1.1825571 1.2524788 1.3815722 1.1964892 
7133 1.1746287 1.1675616 1.2061353 1.3543689 1.1822431 
7133.5 1.1583398 1.1463898 1.1764238 1.3233533 1.1659555 
7134 1.1465355 1.1389973 1.1415374 1.2853939 1.1528526 
7134.5 1.1327408 1.1237518 1.1142323 1.2585719 1.1398781 
7135 1.1185742 1.1148388 1.0870408 1.2295986 1.1287702 
7135.5 1.1117704 1.0989267 1.0646905 1.1884804 1.116764 
7136 1.10294 1.0906594 1.0485159 1.1697731 1.1066243 
7136.5 1.092155 1.085402 1.0348898 1.152264 1.100591 
7137 1.0899078 1.0715938 1.0228111 1.1292542 1.0935778 
7137.5 1.0781515 1.0732209 1.0114352 1.111037 1.0871945 
7138 1.0715635 1.06085 1.0023025 1.10393 1.0796447 
7138.5 1.0706833 1.057457 0.99461784 1.086094 1.074568 
7139 1.0587951 1.0568136 0.99376203 1.0827448 1.069363 
7139.5 1.0517274 1.0497857 0.98719187 1.0709268 1.0649046 
7140 1.0517826 1.0401019 0.98598822 1.0602253 1.0582297 
7140.5 1.0458541 1.03774 0.99096034 1.0624039 1.0520681 
7141 1.0415324 1.0300664 0.99731669 1.0637111 1.0472947 
7141.5 1.0329178 1.0254652 1.00576 1.0591093 1.0409931 
7142 1.030155 1.02327 1.012883 1.0566042 1.0367797 
7142.5 1.0283634 1.0178252 1.0187424 1.0694572 1.0312364 
7143 1.0171468 1.0083601 1.0206764 1.0588646 1.0248065 
7143.5 1.0106547 1.004738 1.0251161 1.0580479 1.0185749 
7144 1.0011288 0.99673102 1.0217119 1.0473464 1.0113283 
7144.5 1.0005484 0.98902612 1.0166679 1.0616154 1.0041518 
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7145 0.99157408 0.98285225 1.009686 1.0502876 0.99769851 
7145.5 0.97515322 0.97362673 1.0002339 1.0443242 0.9880138 
7146 0.97098742 0.96862978 0.99088105 1.0377617 0.9811989 
7146.5 0.96858433 0.96092488 0.97998786 1.0333505 0.97363738 
7147 0.95600067 0.95287628 0.96335901 1.015923 0.96486261 
7147.5 0.94959251 0.94261965 0.95696632 1.0047314 0.95758107 
7148 0.94115782 0.93639371 0.9431769 0.99490125 0.94943626 
7148.5 0.93489355 0.93488586 0.93755795 0.9765207 0.94477955 
7149 0.92506788 0.92078602 0.92157507 0.9755133 0.93589978 
7149.5 0.92518295 0.9166223 0.90846003 0.95653368 0.93049646 
7150 0.92087325 0.91817652 0.90265651 0.95277599 0.92562976 
7150.5 0.91578413 0.9134712 0.89628511 0.93248929 0.92029643 
7151 0.90674988 0.90387073 0.88823844 0.92156994 0.91539474 
7151.5 0.90633734 0.90296696 0.8830383 0.91266565 0.91303622 
7152 0.90863482 0.89968853 0.87861191 0.9085812 0.9100944 
7152.5 0.90125536 0.90361742 0.8787428 0.90073891 0.90765421 
7153 0.90238969 0.89721442 0.87898017 0.90049398 0.90545901 
7153.5 0.89867956 0.89961228 0.87624323 0.892216 0.90506035 
7154 0.89887858 0.90032287 0.87888702 0.90109334 0.90545498 
7154.5 0.8965954 0.89666948 0.87884755 0.88728754 0.90468302 
7155 0.89898881 0.89496374 0.87828988 0.883312 0.90531097 
7155.5 0.90506354 0.89872599 0.88348915 0.88077969 0.90591558 
7156 0.90025021 0.90190499 0.88643818 0.88707012 0.90722015 
7156.5 0.90475409 0.89918897 0.88659746 0.88652565 0.9078831 
7157 0.9070156 0.90345115 0.8854861 0.8806712 0.9106809 
7157.5 0.90522406 0.90364098 0.89182825 0.88500102 0.91214879 
7158 0.91017161 0.90936129 0.89753152 0.88707069 0.91557655 
7158.5 0.91489133 0.91272776 0.90236167 0.89020236 0.91782606 
7159 0.91483853 0.91757319 0.90271971 0.88799682 0.91984225 
7159.5 0.91602082 0.91556541 0.91212844 0.89257172 0.92327001 
7160 0.91964934 0.91954638 0.915908 0.89902553 0.92543786 
7163 0.93907013 0.94001599 0.94962363 0.92369737 0.94617943 
7166 0.96080523 0.96149588 0.99327018 0.96263807 0.96926585 
7169 0.9869651 0.98442348 1.0274685 1.0017966 0.99105735 
7172 1.0098034 1.0114859 1.0414004 1.0382866 1.0150304 
7175 1.0289364 1.024717 1.0592791 1.0612701 1.0324472 
7178 1.038992 1.0312719 1.0581266 1.0770648 1.0378131 
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7181 1.0377039 1.0390037 1.0601542 1.0777464 1.0409858 
7184 1.0422196 1.0401531 1.0551329 1.0788365 1.0440418 
7187 1.0349958 1.0369593 1.0432544 1.070178 1.0437964 
7190 1.0380725 1.0380462 1.0394469 1.0534864 1.0401446 
7195 1.0233349 1.0197807 1.0160599 1.0426501 1.0283186 
7200 1.0135976 1.0124303 0.99739344 1.0319771 1.0161076 
7205 1.0047476 1.0053507 0.99154699 1.0023516 1.0078747 
7210 0.99623342 0.99454239 0.99100317 1.0039596 1.0011 
7215 0.99767196 0.99324322 0.99830328 1.0027629 0.99566689 
7220 0.98707129 0.99641218 0.99705671 1.0032545 0.99271863 
7225 0.99285067 0.99069696 0.9970027 1.006224 0.99161358 
7230 0.99079976 0.98958527 0.98781282 0.99704874 0.99076517 
7235 0.9907394 0.98999419 0.99169851 0.99263881 0.9909317 
7240 0.99801769 0.99758961 1.0009294 0.99814083 0.99535629 
7245 1.0009671 0.99867553 1.009919 1.0063932 0.99783267 
7250 1.0015063 1.0023652 1.0227063 1.0181582 1.0008923 
7255 1.0077294 1.0074402 1.0207925 1.0226527 1.0033337 
7260 1.0075131 1.0101613 1.0193684 1.0212382 1.0060784 
7265 1.0072849 1.0104244 1.0124004 1.022465 1.0052067 
7270 1.0096827 1.0149994 1.0090243 1.0207509 1.0045216 
7275 1.0088909 1.0087947 1.0036534 1.0166949 1.0021566 
7280 1.0061565 1.0023296 0.99497463 1.0064849 0.99842676 
7285 1.0078229 1.0035092 0.99330214 0.99665604 0.99556015 
7290 0.9912026 0.99404452 0.98925163 0.99526871 0.98840049 
7295 0.99288098 0.99238082 0.98718872 0.98383327 0.98469394 
7300 0.98663313 0.98503041 0.9846715 0.98064871 0.97951749 
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Table A7. Derivative XANES data for five ROIs in clast MHI10-56-2 c1. Absorbance values 
are shown in arbitrary units. 
Energy 
(eV) Spot 1 Spot 2 Spot 1 Spot 3 Spot 4 Spot 5 
7050 5.88E-05 -1.46E-04 5.88E-05 -3.45E-05 -1.56E-04 -4.89E-05 
7055 -1.03E-04 -2.32E-04 -1.03E-04 -2.25E-04 -1.62E-04 -1.98E-04 
7060 -2.24E-05 -9.40E-05 -2.24E-05 -9.20E-05 -1.43E-04 -5.83E-05 
7065 5.05E-05 1.27E-04 5.05E-05 5.49E-05 -4.74E-05 4.79E-05 
7070 -9.74E-05 -6.40E-05 -9.74E-05 -1.28E-04 1.49E-04 -1.53E-04 
7075 -9.89E-06 1.34E-04 -9.89E-06 -2.46E-05 2.89E-05 8.24E-06 
7080 1.18E-04 9.43E-05 1.18E-04 2.26E-04 9.83E-06 1.03E-04 
7085 6.72E-05 -9.04E-05 6.72E-05 1.10E-04 6.70E-05 -4.08E-05 
7090 5.38E-06 3.83E-05 5.38E-06 -6.11E-06 2.98E-05 -3.03E-05 
7091 2.85E-04 1.06E-04 2.85E-04 1.71E-04 -8.64E-04 1.56E-04 
7092 -2.57E-04 2.32E-04 -2.57E-04 5.42E-05 1.16E-04 -1.53E-04 
7093 -1.79E-04 -1.64E-04 -1.79E-04 2.74E-04 8.51E-04 1.06E-05 
7094 2.95E-04 1.48E-04 2.95E-04 -4.87E-05 -2.65E-04 3.14E-04 
7095 9.98E-04 -2.53E-04 9.98E-04 1.64E-04 1.52E-03 2.15E-04 
7096 2.48E-04 4.42E-04 2.48E-04 2.35E-04 2.11E-04 1.91E-04 
7097 -7.83E-04 1.13E-03 -7.83E-04 -2.44E-04 -1.04E-03 2.56E-04 
7098 4.93E-04 -3.25E-04 4.93E-04 1.96E-04 1.16E-04 1.86E-04 
7099 5.30E-04 1.48E-04 5.30E-04 4.55E-04 -6.74E-04 3.97E-05 
7100 2.28E-04 6.06E-04 2.28E-04 1.16E-03 1.17E-03 2.85E-04 
7100.5 1.01E-03 8.14E-04 1.01E-03 1.07E-04 1.10E-03 8.80E-04 
7101 4.01E-05 1.41E-03 4.01E-05 1.64E-04 7.11E-06 4.01E-04 
7101.5 7.80E-04 4.78E-04 7.80E-04 1.47E-03 3.87E-03 6.93E-04 
7102 9.05E-04 4.54E-04 9.05E-04 1.78E-04 1.21E-03 1.07E-03 
7102.5 -3.35E-04 -5.05E-04 -3.35E-04 2.78E-04 5.79E-04 3.08E-04 
7103 6.86E-04 1.46E-03 6.86E-04 -1.69E-04 -8.92E-04 5.76E-04 
7103.5 1.32E-03 1.45E-03 1.32E-03 1.02E-03 -4.74E-05 1.15E-03 
7104 1.86E-03 -7.45E-04 1.86E-03 2.03E-03 1.15E-03 6.81E-04 
7104.5 7.69E-04 7.18E-04 7.69E-04 1.32E-03 2.52E-04 6.70E-04 
7105 5.30E-04 8.62E-04 5.30E-04 9.38E-04 1.91E-03 1.21E-03 
7105.5 8.42E-04 1.11E-03 8.42E-04 1.14E-03 1.75E-03 1.18E-03 
7106 1.11E-03 2.00E-03 1.11E-03 1.01E-03 -5.38E-04 1.29E-03 
7106.5 1.85E-03 8.14E-04 1.85E-03 1.14E-03 -1.65E-03 1.30E-03 
7107 7.07E-04 1.17E-03 7.07E-04 1.06E-03 4.97E-04 1.44E-03 
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7107.5 1.09E-03 2.40E-03 1.09E-03 2.02E-03 3.76E-03 2.07E-03 
7108 1.95E-03 1.95E-03 1.95E-03 2.23E-03 1.78E-03 1.15E-03 
7108.5 3.22E-03 8.74E-04 3.22E-03 1.86E-03 -2.01E-05 1.89E-03 
7109 3.87E-03 2.66E-03 3.87E-03 2.33E-03 2.57E-03 3.52E-03 
7109.5 2.81E-03 4.94E-03 2.81E-03 2.73E-03 1.89E-03 3.56E-03 
7110 4.38E-03 4.89E-03 4.38E-03 4.81E-03 3.27E-03 4.55E-03 
7110.5 6.90E-03 6.64E-03 6.90E-03 5.58E-03 8.26E-03 6.89E-03 
7111 1.25E-02 1.24E-02 1.25E-02 8.90E-03 9.89E-03 1.28E-02 
7111.5 2.43E-02 2.32E-02 2.43E-02 1.58E-02 1.19E-02 2.39E-02 
7112 3.16E-02 3.31E-02 3.16E-02 1.42E-02 1.48E-02 3.29E-02 
7112.5 2.21E-02 2.25E-02 2.21E-02 9.80E-03 1.28E-02 2.35E-02 
7113 2.49E-03 2.30E-03 2.49E-03 9.55E-03 9.54E-03 2.59E-03 
7113.5 -4.46E-03 -4.25E-03 -4.46E-03 9.40E-03 1.01E-02 -3.05E-03 
7114 -1.68E-04 -2.75E-03 -1.68E-04 5.97E-03 1.20E-02 -6.53E-05 
7114.5 -2.78E-03 -2.66E-03 -2.78E-03 1.70E-03 4.39E-03 -3.60E-03 
7115 -4.36E-03 -4.45E-03 -4.36E-03 5.69E-04 -1.76E-03 -4.23E-03 
7115.5 3.69E-03 2.20E-03 3.69E-03 2.84E-03 -1.33E-03 2.57E-03 
7116 1.65E-02 1.60E-02 1.65E-02 8.36E-03 1.42E-03 1.41E-02 
7116.5 2.90E-02 3.02E-02 2.90E-02 1.52E-02 8.64E-03 2.90E-02 
7117 4.59E-02 4.49E-02 4.59E-02 2.72E-02 1.87E-02 4.54E-02 
7117.5 6.96E-02 6.68E-02 6.96E-02 4.67E-02 3.59E-02 6.71E-02 
7118 9.54E-02 9.41E-02 9.54E-02 6.67E-02 5.26E-02 9.52E-02 
7118.5 0.1258871 0.12641013 0.1258871 8.56E-02 6.41E-02 0.12950795 
7119 0.15894498 0.16382284 0.15894498 0.10718236 8.04E-02 0.16396903 
7119.5 0.1864828 0.18396814 0.1864828 0.13652077 0.10917484 0.18422104 
7120 0.18405606 0.18671414 0.18405606 0.16857794 0.13918303 0.18681087 
7120.5 0.16763127 0.17503466 0.16763127 0.19374238 0.1537242 0.17255513 
7121 0.15166475 0.14450493 0.15166475 0.1891709 0.15881633 0.14664516 
7121.5 0.12808471 0.11754859 0.12808471 0.14993708 0.14364885 0.12346501 
7122 0.1091811 0.1076678 0.1091811 0.10970236 0.11138052 0.10805435 
7122.5 0.10150509 0.10229572 0.10150509 9.44E-02 0.10116902 0.10072816 
7123 0.10683768 0.1064327 0.10683768 0.10290902 0.1078133 0.10866098 
7123.5 0.11724248 0.12281275 0.11724248 0.13768494 0.13850226 0.12256673 
7124 0.12993862 0.1261703 0.12993862 0.17512992 0.16712169 0.13007958 
7124.5 0.12887627 0.13329311 0.12887627 0.18946194 0.17771441 0.13251775 
7125 0.10744176 0.12769319 0.10744176 0.17055844 0.17523642 0.12220509 
7125.5 9.58E-02 9.14E-02 9.58E-02 0.12603618 0.14236901 9.84E-02 
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7126 7.66E-02 6.97E-02 7.66E-02 7.58E-02 0.10427332 7.23E-02 
7126.5 3.26E-02 5.10E-02 3.26E-02 2.98E-02 6.18E-02 4.24E-02 
7127 1.73E-02 2.02E-02 1.73E-02 5.44E-03 3.63E-02 1.89E-02 
7127.5 2.83E-03 5.85E-03 2.83E-03 2.95E-03 4.49E-02 4.64E-03 
7128 -8.42E-03 -1.88E-03 -8.42E-03 1.38E-02 4.74E-02 -4.30E-03 
7128.5 -5.39E-03 -7.16E-03 -5.39E-03 2.65E-02 6.50E-02 -7.59E-03 
7129 -8.50E-03 -1.11E-02 -8.50E-03 4.75E-02 7.78E-02 -8.48E-03 
7129.5 -1.05E-02 -1.72E-02 -1.05E-02 5.91E-02 6.87E-02 -9.30E-03 
7130 -1.70E-02 -1.41E-02 -1.70E-02 4.59E-02 6.19E-02 -1.64E-02 
7130.5 -1.89E-02 -1.63E-02 -1.89E-02 9.72E-03 4.29E-02 -2.12E-02 
7131 -2.45E-02 -3.08E-02 -2.45E-02 -4.04E-02 1.04E-02 -2.31E-02 
7131.5 -1.78E-02 -2.21E-02 -1.78E-02 -6.41E-02 -4.30E-03 -2.00E-02 
7132 -2.52E-02 -2.64E-02 -2.52E-02 -8.25E-02 -3.17E-02 -2.93E-02 
7132.5 -3.63E-02 -3.81E-02 -3.63E-02 -9.74E-02 -6.12E-02 -3.64E-02 
7133 -3.66E-02 -2.97E-02 -3.66E-02 -7.64E-02 -5.86E-02 -3.09E-02 
7133.5 -2.90E-02 -2.85E-02 -2.90E-02 -6.50E-02 -6.93E-02 -2.98E-02 
7134 -2.31E-02 -2.60E-02 -2.31E-02 -6.26E-02 -6.52E-02 -2.65E-02 
7134.5 -2.46E-02 -2.84E-02 -2.46E-02 -5.49E-02 -5.62E-02 -2.45E-02 
7135 -2.53E-02 -2.14E-02 -2.53E-02 -4.99E-02 -7.05E-02 -2.35E-02 
7135.5 -2.46E-02 -1.61E-02 -2.46E-02 -3.89E-02 -6.02E-02 -2.25E-02 
7136 -1.40E-02 -2.01E-02 -1.40E-02 -3.02E-02 -3.66E-02 -1.66E-02 
7136.5 -1.95E-02 -1.35E-02 -1.95E-02 -2.61E-02 -4.09E-02 -1.34E-02 
7137 -1.26E-02 -1.45E-02 -1.26E-02 -2.38E-02 -4.16E-02 -1.38E-02 
7137.5 -1.12E-02 -1.88E-02 -1.12E-02 -2.09E-02 -2.57E-02 -1.43E-02 
7138 -1.62E-02 -7.92E-03 -1.62E-02 -1.72E-02 -2.53E-02 -1.30E-02 
7138.5 -4.48E-03 -1.32E-02 -4.48E-03 -8.90E-03 -2.16E-02 -1.07E-02 
7139 -8.12E-03 -1.94E-02 -8.12E-03 -7.79E-03 -1.55E-02 -1.01E-02 
7139.5 -1.72E-02 -7.46E-03 -1.72E-02 -8.13E-03 -2.29E-02 -1.15E-02 
7140 -1.25E-02 -6.32E-03 -1.25E-02 3.41E-03 -8.90E-03 -1.32E-02 
7140.5 -1.05E-02 -1.07E-02 -1.05E-02 1.10E-02 3.11E-03 -1.13E-02 
7141 -1.27E-02 -1.34E-02 -1.27E-02 1.44E-02 -3.67E-03 -1.15E-02 
7141.5 -7.24E-03 -1.18E-02 -7.24E-03 1.52E-02 -7.48E-03 -1.09E-02 
7142 -8.08E-03 -5.00E-03 -8.08E-03 1.26E-02 9.97E-03 -1.01E-02 
7142.5 -1.54E-02 -1.35E-02 -1.54E-02 7.43E-03 1.89E-03 -1.24E-02 
7143 -1.35E-02 -1.82E-02 -1.35E-02 6.01E-03 -1.18E-02 -1.30E-02 
7143.5 -1.21E-02 -1.65E-02 -1.21E-02 6.75E-04 -1.19E-02 -1.39E-02 
7144 -1.62E-02 -1.06E-02 -1.62E-02 -8.81E-03 3.19E-03 -1.48E-02 
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7144.5 -1.43E-02 -1.00E-02 -1.43E-02 -1.24E-02 2.57E-03 -1.40E-02 
7145 -1.58E-02 -2.58E-02 -1.58E-02 -1.68E-02 -1.77E-02 -1.65E-02 
7145.5 -1.47E-02 -2.10E-02 -1.47E-02 -1.92E-02 -1.29E-02 -1.69E-02 
7146 -1.31E-02 -7.02E-03 -1.31E-02 -2.06E-02 -1.13E-02 -1.48E-02 
7146.5 -1.62E-02 -1.54E-02 -1.62E-02 -2.79E-02 -2.22E-02 -1.67E-02 
7147 -1.87E-02 -1.94E-02 -1.87E-02 -2.34E-02 -2.90E-02 -1.64E-02 
7147.5 -1.69E-02 -1.53E-02 -1.69E-02 -2.05E-02 -2.14E-02 -1.58E-02 
7148 -8.18E-03 -1.51E-02 -8.18E-03 -1.98E-02 -2.86E-02 -1.32E-02 
7148.5 -1.61E-02 -1.65E-02 -1.61E-02 -2.20E-02 -1.98E-02 -1.39E-02 
7149 -1.87E-02 -1.02E-02 -1.87E-02 -2.95E-02 -2.04E-02 -1.47E-02 
7149.5 -3.05E-03 -4.64E-03 -3.05E-03 -1.93E-02 -2.31E-02 -1.07E-02 
7150 -3.59E-03 -9.85E-03 -3.59E-03 -1.25E-02 -2.44E-02 -1.06E-02 
7150.5 -1.47E-02 -1.46E-02 -1.47E-02 -1.48E-02 -3.16E-02 -1.06E-02 
7151 -1.09E-02 -9.89E-03 -1.09E-02 -1.36E-02 -2.02E-02 -7.65E-03 
7151.5 -4.63E-03 1.44E-03 -4.63E-03 -9.99E-03 -1.34E-02 -5.69E-03 
7152 2.07E-04 -5.53E-03 2.07E-04 -4.66E-03 -1.23E-02 -5.77E-03 
7152.5 -2.92E-03 -6.69E-03 -2.92E-03 8.08E-06 -8.46E-03 -5.02E-03 
7153 -4.45E-03 -3.02E-03 -4.45E-03 -2.86E-03 -8.90E-03 -2.98E-03 
7153.5 2.66E-03 -3.96E-03 2.66E-03 -4.53E-04 2.25E-04 -3.92E-04 
7154 -3.39E-03 -2.53E-03 -3.39E-03 2.24E-03 -5.30E-03 -7.65E-04 
7154.5 -5.80E-03 -3.37E-04 -5.80E-03 -9.57E-04 -1.82E-02 -5.32E-04 
7155 1.61E-03 8.02E-03 1.61E-03 4.28E-03 -6.88E-03 8.45E-04 
7155.5 6.50E-03 8.14E-04 6.50E-03 7.79E-03 3.38E-03 1.52E-03 
7156 1.93E-05 -7.57E-04 1.93E-05 2.75E-03 5.37E-03 1.58E-03 
7156.5 1.10E-03 6.32E-03 1.10E-03 -1.31E-03 -6.77E-03 3.07E-03 
7157 4.01E-03 2.23E-05 4.01E-03 4.87E-03 -1.90E-03 3.88E-03 
7157.5 5.47E-03 2.71E-03 5.47E-03 1.17E-02 6.03E-03 4.51E-03 
7158 8.64E-03 9.22E-03 8.64E-03 1.02E-02 4.83E-03 5.29E-03 
7158.5 7.77E-03 4.22E-03 7.77E-03 4.83E-03 5.52E-04 3.88E-03 
7159 2.39E-03 6.82E-04 2.39E-03 9.41E-03 1.99E-03 5.06E-03 
7159.5 1.53E-03 4.36E-03 1.53E-03 1.28E-02 1.07E-02 5.21E-03 
7160 6.54E-03 6.14E-03 6.54E-03 1.04E-02 8.52E-03 6.16E-03 
7163 6.55E-03 6.41E-03 6.55E-03 1.25E-02 1.02E-02 6.92E-03 
7166 6.96E-03 7.53E-03 6.96E-03 1.26E-02 1.26E-02 7.09E-03 
7169 7.89E-03 7.72E-03 7.89E-03 7.66E-03 1.22E-02 7.24E-03 
7172 6.27E-03 6.55E-03 6.27E-03 4.94E-03 9.54E-03 6.51E-03 
7175 2.85E-03 4.42E-03 2.85E-03 2.43E-03 6.09E-03 3.41E-03 
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7178 1.94E-03 1.01E-03 1.94E-03 -2.14E-04 2.37E-03 1.04E-03 
7181 1.04E-03 9.03E-05 1.04E-03 -8.59E-04 -7.91E-05 6.50E-04 
7184 -7.84E-04 -8.99E-04 -7.84E-04 -3.18E-03 -1.64E-03 8.06E-05 
7187 -7.95E-04 -1.14E-03 -7.95E-04 -2.97E-03 -4.60E-03 -1.04E-03 
7190 -2.59E-03 -1.91E-03 -2.59E-03 -3.76E-03 -3.82E-03 -2.32E-03 
7195 -3.01E-03 -2.90E-03 -3.01E-03 -4.57E-03 -2.53E-03 -2.79E-03 
7200 -1.89E-03 -2.31E-03 -1.89E-03 -2.81E-03 -4.40E-03 -2.43E-03 
7205 -2.23E-03 -2.18E-03 -2.23E-03 -9.99E-04 -3.18E-03 -1.89E-03 
7210 -1.65E-03 -1.16E-03 -1.65E-03 3.15E-04 -3.33E-04 -1.61E-03 
7215 -2.57E-04 -1.36E-03 -2.57E-04 2.45E-04 -4.45E-04 -1.23E-03 
7220 -6.98E-04 -9.30E-04 -6.98E-04 -4.90E-04 -2.83E-05 -7.93E-04 
7225 -1.13E-03 -7.48E-05 -1.13E-03 -1.28E-03 -9.95E-04 -5.83E-04 
7230 -5.14E-04 -6.59E-04 -5.14E-04 -8.91E-04 -1.73E-03 -4.56E-04 
7235 3.57E-04 2.74E-04 3.57E-04 9.51E-04 -2.65E-04 7.12E-05 
7240 4.24E-04 5.75E-04 4.24E-04 1.46E-03 1.00E-03 3.02E-04 
7245 3.38E-05 -9.88E-05 3.38E-05 1.82E-03 1.63E-03 1.66E-04 
7250 4.33E-04 2.29E-04 4.33E-04 7.27E-04 1.25E-03 1.62E-04 
7255 3.36E-04 1.53E-04 3.36E-04 -6.94E-04 -6.64E-05 1.31E-04 
7260 -1.45E-04 -4.92E-04 -1.45E-04 -1.20E-03 -3.93E-04 -2.01E-04 
7265 4.01E-05 -2.31E-04 4.01E-05 -1.39E-03 -4.23E-04 -5.44E-04 
7270 -6.07E-04 -2.87E-04 -6.07E-04 -1.23E-03 -9.51E-04 -6.93E-04 
7275 -1.71E-03 -8.00E-04 -1.71E-03 -1.77E-03 -1.80E-03 -9.97E-04 
7280 -9.72E-04 -5.54E-04 -9.72E-04 -1.40E-03 -2.38E-03 -1.05E-03 
7285 -1.27E-03 -1.94E-03 -1.27E-03 -9.32E-04 -1.50E-03 -1.39E-03 
7290 -1.56E-03 -1.94E-03 -1.56E-03 -9.72E-04 -1.66E-03 -1.47E-03 
7295 -1.35E-03 -9.05E-04 -1.35E-03 -8.18E-04 -1.84E-03 -1.28E-03 
7300 -1.91E-03 -1.70E-03 -1.91E-03 -8.64E-04 -1.01E-03 -1.42E-03 
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Table A8. XANES data from spots 1-7, which are ROIs in, and around, clast MHI10-56-1 c1. 
Absorbance values are shown in arbitrary units. 
Energy (eV) Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 
7050 4.55E-04 2.24E-03 5.01E-04 1.11E-03 1.34E-03 4.33E-04 5.48E-04 
7055 1.18E-03 -1.68E-03 2.23E-04 1.34E-03 -1.09E-03 -4.05E-04 8.59E-04 
7060 -5.74E-04 -2.25E-03 3.35E-04 -1.25E-03 -1.09E-03 -1.09E-03 -1.03E-03 
7065 -6.17E-04 6.27E-04 -1.88E-04 -8.54E-04 5.13E-04 4.44E-04 -1.92E-03 
7070 -1.30E-03 2.14E-03 2.50E-04 -1.16E-03 6.22E-04 7.96E-04 5.26E-04 
7075 -2.66E-04 -1.34E-03 -1.34E-03 -1.14E-03 -1.57E-03 1.31E-04 2.53E-04 
7080 2.32E-04 2.99E-05 -9.23E-04 7.10E-04 1.43E-03 4.64E-04 1.39E-03 
7085 1.90E-04 -4.23E-04 -1.42E-03 2.38E-04 1.56E-04 -8.06E-04 -2.63E-04 
7090 6.25E-04 6.49E-04 8.34E-04 8.87E-04 1.49E-05 -2.36E-06 -3.77E-04 
7091 7.52E-05 1.56E-03 1.73E-03 1.28E-04 -3.27E-04 3.55E-05 1.72E-05 
7092 1.62E-04 3.99E-03 3.29E-04 -1.12E-04 4.32E-03 1.18E-03 3.09E-03 
7093 1.45E-03 3.17E-03 -6.54E-04 -1.06E-03 1.47E-03 3.05E-03 -1.24E-04 
7094 4.32E-04 2.70E-03 -9.29E-04 -1.67E-03 1.53E-03 9.94E-04 4.79E-04 
7095 2.64E-03 4.10E-03 1.12E-03 -1.12E-04 1.91E-03 6.12E-03 -1.32E-03 
7096 9.13E-04 2.17E-03 1.55E-03 5.04E-04 1.11E-03 9.99E-05 1.13E-03 
7097 1.40E-03 4.21E-03 1.96E-03 2.16E-03 1.37E-03 2.69E-03 1.39E-04 
7098 1.93E-03 4.89E-03 6.83E-04 -6.86E-04 4.14E-03 1.53E-03 4.05E-04 
7099 1.62E-03 3.41E-03 3.54E-04 4.76E-04 1.86E-03 2.69E-03 1.94E-03 
7100 2.95E-03 4.75E-03 4.80E-03 5.09E-04 4.31E-03 3.92E-03 1.65E-03 
7100.5 3.19E-03 3.55E-03 3.57E-03 2.11E-03 3.33E-03 2.66E-03 2.34E-03 
7101 4.19E-03 6.94E-03 9.73E-04 1.77E-03 2.24E-03 4.89E-03 7.48E-04 
7101.5 2.61E-03 4.39E-03 4.95E-03 1.28E-03 1.91E-03 4.84E-03 3.63E-03 
7102 3.24E-03 6.54E-03 3.67E-03 1.18E-03 4.65E-03 2.23E-03 5.87E-03 
7102.5 3.07E-03 6.63E-03 5.36E-03 1.33E-03 4.27E-03 4.51E-03 4.11E-03 
7103 3.61E-03 7.57E-03 4.00E-03 4.90E-03 4.09E-03 4.94E-03 4.03E-03 
7103.5 4.38E-03 9.78E-03 2.06E-03 4.09E-03 5.01E-03 6.03E-03 4.36E-03 
7104 6.10E-03 8.65E-03 5.45E-03 2.82E-03 4.72E-03 6.97E-03 1.85E-03 
7104.5 5.99E-03 8.90E-03 5.92E-03 5.62E-03 4.85E-03 6.41E-03 4.78E-03 
7105 5.15E-03 8.21E-03 6.80E-03 7.74E-03 5.59E-03 5.97E-03 6.18E-03 
7105.5 5.13E-03 1.09E-02 7.07E-03 5.30E-03 7.24E-03 6.16E-03 5.04E-03 
7106 7.66E-03 1.04E-02 9.48E-03 7.85E-03 7.51E-03 9.64E-03 4.57E-03 
7106.5 7.05E-03 9.85E-03 8.52E-03 5.84E-03 8.66E-03 8.41E-03 6.46E-03 
7107 7.29E-03 1.25E-02 1.03E-02 5.90E-03 1.03E-02 8.88E-03 8.68E-03 
7107.5 8.89E-03 1.31E-02 1.21E-02 6.49E-03 8.65E-03 1.33E-02 8.85E-03 
7108 9.17E-03 1.31E-02 1.25E-02 7.97E-03 1.30E-02 1.14E-02 1.05E-02 
7108.5 1.11E-02 1.22E-02 1.21E-02 1.21E-02 1.47E-02 1.01E-02 1.19E-02 
7109 1.22E-02 1.30E-02 1.40E-02 1.20E-02 1.33E-02 1.47E-02 1.13E-02 
7109.5 1.31E-02 1.71E-02 1.52E-02 1.38E-02 1.26E-02 1.30E-02 1.46E-02 
 
 
181 
7110 1.54E-02 1.63E-02 1.68E-02 1.45E-02 1.57E-02 1.67E-02 1.65E-02 
7110.5 1.75E-02 2.45E-02 1.93E-02 1.65E-02 1.91E-02 1.87E-02 1.89E-02 
7111 2.38E-02 2.56E-02 2.33E-02 2.30E-02 2.63E-02 2.67E-02 2.11E-02 
7111.5 3.06E-02 3.66E-02 2.93E-02 3.26E-02 3.25E-02 3.25E-02 2.95E-02 
7112 4.35E-02 5.08E-02 4.17E-02 4.47E-02 4.84E-02 4.36E-02 4.29E-02 
7112.5 5.63E-02 6.42E-02 5.88E-02 5.54E-02 5.97E-02 5.39E-02 5.59E-02 
7113 6.00E-02 7.05E-02 6.03E-02 5.96E-02 6.43E-02 5.58E-02 5.97E-02 
7113.5 6.17E-02 6.24E-02 6.43E-02 6.27E-02 6.31E-02 5.93E-02 6.23E-02 
7114 6.37E-02 7.17E-02 7.00E-02 6.45E-02 6.67E-02 6.47E-02 6.44E-02 
7114.5 6.57E-02 7.24E-02 6.63E-02 6.65E-02 6.72E-02 6.58E-02 6.66E-02 
7115 6.28E-02 6.99E-02 6.74E-02 6.26E-02 6.41E-02 6.36E-02 6.37E-02 
7115.5 6.11E-02 6.88E-02 6.28E-02 6.74E-02 6.34E-02 6.19E-02 6.24E-02 
7116 6.43E-02 7.01E-02 6.85E-02 6.98E-02 7.03E-02 6.53E-02 6.26E-02 
7116.5 7.61E-02 8.39E-02 7.44E-02 8.09E-02 7.61E-02 7.67E-02 7.17E-02 
7117 8.93E-02 9.25E-02 8.80E-02 9.86E-02 9.34E-02 8.93E-02 8.72E-02 
7117.5 0.11212068 0.12154698 0.11121965 0.121476 0.11900794 0.11150637 0.1101062 
7118 0.14815742 0.15689296 0.15039959 0.15531666 0.15519963 0.1480373 0.14363947 
7118.5 0.19712353 0.21260938 0.19564862 0.20602153 0.20275799 0.18832363 0.19100376 
7119 0.25688708 0.26875997 0.25428774 0.2691196 0.26969949 0.24590791 0.25341599 
7119.5 0.33437414 0.35276736 0.32363168 0.34299912 0.3461259 0.31953192 0.3246037 
7120 0.41652807 0.44883743 0.41066579 0.42613938 0.4327551 0.40250123 0.40407223 
7120.5 0.50523684 0.52966705 0.49379898 0.52285661 0.51976501 0.48581631 0.49347377 
7121 0.58492791 0.61120071 0.58097824 0.61223602 0.59456968 0.57666141 0.57412619 
7121.5 0.65972938 0.67400671 0.65782239 0.69002357 0.66259786 0.65572092 0.6511675 
7122 0.72091207 0.72940848 0.71157861 0.74891627 0.72460008 0.71543671 0.70903532 
7122.5 0.76616375 0.78524441 0.7657975 0.80100682 0.77198337 0.77463385 0.75433847 
7123 0.82105676 0.82997985 0.8140743 0.85871575 0.83461647 0.82647384 0.81343307 
7123.5 0.88748968 0.89671678 0.88145648 0.91341971 0.89126712 0.887784 0.86762053 
7124 0.95868492 0.96490875 0.95614152 0.99277348 0.95888197 0.96580621 0.94541375 
7124.5 1.0396064 1.0434737 1.0298105 1.0739393 1.0334691 1.0510031 1.0224254 
7125 1.1121062 1.1152093 1.1028989 1.1456441 1.1069903 1.1318394 1.0844682 
7125.5 1.1729177 1.1639696 1.1653732 1.2030707 1.1639672 1.2002954 1.145868 
7126 1.2171723 1.2062174 1.2082432 1.2450264 1.2124273 1.2227645 1.1901225 
7126.5 1.2408185 1.2421992 1.2268005 1.2488463 1.2259282 1.235504 1.2241471 
7127 1.253243 1.2567545 1.2336642 1.2800842 1.2382869 1.263198 1.2248704 
7127.5 1.2603112 1.247865 1.2566939 1.2668578 1.2568783 1.2588221 1.2322519 
7128 1.2690021 1.2566353 1.2536148 1.2828615 1.2547378 1.2665384 1.2503085 
7128.5 1.2765688 1.2731619 1.2692238 1.2795515 1.2506611 1.2879125 1.2504283 
7129 1.2911358 1.2686845 1.2965627 1.2981686 1.2647167 1.299413 1.2686729 
7129.5 1.3029027 1.2732423 1.3107111 1.3067327 1.2786744 1.3088678 1.2923787 
7130 1.3188167 1.3035917 1.3186452 1.3272712 1.2943616 1.3257662 1.3030646 
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7130.5 1.3157662 1.3036201 1.3256087 1.3263378 1.2863582 1.3206219 1.3100703 
7131 1.3084095 1.2952469 1.3241898 1.3166445 1.2919622 1.3198381 1.309359 
7131.5 1.3015301 1.2784134 1.3088092 1.3061134 1.2764101 1.3105446 1.2866645 
7132 1.2860488 1.246701 1.2843295 1.2785452 1.2659268 1.2892646 1.2747934 
7132.5 1.2600989 1.2275794 1.2653474 1.254765 1.2423147 1.2718648 1.2547306 
7133 1.2441085 1.2208959 1.2319591 1.2347728 1.2337348 1.2473192 1.23632 
7133.5 1.2205768 1.2009411 1.2039777 1.2082517 1.1999743 1.2156661 1.2133583 
7134 1.1977346 1.1769498 1.2002364 1.193969 1.1814745 1.2022138 1.1857468 
7134.5 1.171371 1.1586143 1.1896548 1.1691143 1.1606687 1.1675449 1.1576307 
7135 1.1537365 1.1496427 1.1578088 1.1449881 1.1543078 1.1480225 1.1438502 
7135.5 1.1436009 1.135731 1.1365224 1.1377716 1.1395497 1.1352426 1.1287638 
7136 1.1310258 1.1103081 1.1262584 1.1080726 1.1209847 1.1108506 1.1109764 
7136.5 1.1100291 1.1011487 1.1040467 1.0975051 1.1146129 1.0979842 1.1064958 
7137 1.0979631 1.1029138 1.0896096 1.0948052 1.0971029 1.0961631 1.0809025 
7137.5 1.0894821 1.0908326 1.0863127 1.0776996 1.095528 1.0868312 1.0690908 
7138 1.086612 1.0817084 1.0825986 1.0726686 1.0811071 1.0728699 1.0723171 
7138.5 1.079234 1.0757407 1.072888 1.064496 1.081055 1.0580154 1.0658083 
7139 1.0728213 1.0680012 1.0682848 1.0559045 1.0695492 1.0570779 1.0564205 
7139.5 1.0646691 1.0635472 1.0608602 1.0607989 1.0566076 1.0572162 1.057302 
7140 1.0580337 1.052041 1.0498523 1.0403333 1.0545649 1.0483453 1.0443427 
7140.5 1.0522892 1.0594736 1.0514362 1.0524396 1.0570037 1.0538142 1.0434237 
7141 1.0488781 1.0387327 1.0468693 1.0398688 1.0586919 1.0529728 1.0329476 
7141.5 1.0424123 1.0417533 1.0490428 1.0390447 1.0409535 1.0375035 1.0411602 
7142 1.043053 1.0362902 1.0470886 1.0309268 1.0492442 1.0466509 1.0400928 
7142.5 1.0380615 1.0362482 1.0392467 1.0388626 1.0300591 1.0353597 1.0327925 
7143 1.0306836 1.026901 1.0419827 1.0338042 1.0270375 1.0419811 1.0387197 
7143.5 1.0363411 1.0252046 1.0390306 1.0335811 1.026398 1.0310356 1.026542 
7144 1.0304905 1.0218888 1.0406961 1.0261552 1.0231371 1.0221647 1.0264639 
7144.5 1.0252551 1.0199811 1.0219589 1.0314958 1.0213446 1.0198826 1.0205882 
7145 1.0202743 1.0181672 1.0309363 1.0226494 1.0190518 1.0198864 1.0189569 
7145.5 1.0201618 1.0049479 1.0097951 1.0163161 1.0171288 1.017758 1.0142388 
7146 1.006664 0.9917402 1.0138647 1.0014142 1.0021315 1.0136895 1.0074035 
7146.5 0.99685714 0.98760302 1.0031742 0.99597342 0.99716285 0.99705804 1.0028338 
7147 0.99178084 0.98523769 0.99746428 0.98742747 0.97951145 0.9975805 0.99103195 
7147.5 0.97874964 0.97443552 0.9876992 0.97194279 0.97654424 0.98024795 0.98040745 
7148 0.96707608 0.95753161 0.977036 0.96903342 0.96737704 0.97230873 0.97353258 
7148.5 0.96122551 0.95157564 0.96419556 0.95233765 0.96496457 0.96337062 0.96166151 
7149 0.95290361 0.95107604 0.96112552 0.94947381 0.95053281 0.94616293 0.94886046 
7149.5 0.94880311 0.95020095 0.95207712 0.94797586 0.94445473 0.94440909 0.94087751 
7150 0.93338544 0.92666726 0.93939089 0.93416668 0.93828963 0.93103365 0.93055972 
7150.5 0.9274182 0.9277987 0.92922665 0.92462818 0.91961577 0.92632158 0.9296209 
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7151 0.92604357 0.92673586 0.92187468 0.92197378 0.93351908 0.92390502 0.91833355 
7151.5 0.91351089 0.90913964 0.9174983 0.93104784 0.91248487 0.91980765 0.90934147 
7152 0.91504245 0.90432188 0.91629707 0.91628252 0.91132327 0.90993789 0.91261727 
7152.5 0.91409209 0.91102703 0.91945942 0.90912978 0.89993713 0.89757094 0.9105506 
7153 0.90596111 0.910105 0.91384018 0.9155267 0.9101857 0.90478782 0.91217419 
7153.5 0.90759875 0.90553365 0.90028306 0.90355691 0.89997429 0.89331409 0.90534878 
7154 0.90450587 0.90289844 0.9078997 0.91271292 0.90735129 0.90104962 0.9070812 
7154.5 0.90315246 0.9023519 0.90595457 0.90876548 0.91026864 0.89260136 0.8931523 
7155 0.90413249 0.90476236 0.91771706 0.91015411 0.9065074 0.89321025 0.8980704 
7155.5 0.90380791 0.90808808 0.91080962 0.90972156 0.90594405 0.90381757 0.90730205 
7156 0.90636831 0.90527686 0.90141649 0.92465985 0.89866948 0.90593439 0.90222778 
7156.5 0.90537553 0.90439003 0.91077493 0.91392848 0.91435665 0.90494892 0.89902337 
7157 0.90264327 0.90878356 0.901282 0.91665569 0.8986305 0.90290694 0.90784939 
7157.5 0.91258581 0.9178942 0.91212823 0.91145162 0.90606189 0.90662774 0.9110955 
7158 0.91427648 0.91130459 0.91702331 0.91457039 0.90989292 0.9082067 0.90594208 
7158.5 0.91513984 0.90893926 0.91461552 0.91615026 0.91167905 0.91958239 0.91480767 
7159 0.91782751 0.9238935 0.92377438 0.92309353 0.92474481 0.91223866 0.91668849 
7159.5 0.91676048 0.91791406 0.92216492 0.92329839 0.92337655 0.91303965 0.92136916 
7160 0.92190888 0.91789556 0.92745915 0.92790143 0.92217145 0.91991076 0.92076672 
7163 0.94530042 0.95664796 0.93859513 0.95846999 0.94430924 0.95031304 0.94234082 
7166 0.9754059 0.97211986 0.96435497 0.9852869 0.96702352 0.98632442 0.97102831 
7169 0.99707919 0.99717853 0.99703666 1.0171758 1.0012676 1.0314506 0.99478886 
7172 1.0279165 1.0226831 1.0310973 1.0275565 1.0277563 1.0428741 1.01757 
7175 1.048317 1.0552516 1.0453358 1.0453039 1.0395281 1.0528377 1.0420527 
7178 1.0482894 1.0477833 1.0574697 1.0535902 1.0509954 1.0592765 1.0521801 
7181 1.0552938 1.0511456 1.0577467 1.0621224 1.0466364 1.0411754 1.0495153 
7184 1.0518721 1.0571128 1.0593662 1.0589534 1.056385 1.0474508 1.0549532 
7187 1.0492564 1.0449391 1.0557241 1.0595361 1.0506663 1.0437086 1.054455 
7190 1.0377419 1.0478086 1.0448426 1.0392388 1.027827 1.0414264 1.0417483 
7195 1.0263291 1.0274995 1.027614 1.0246691 1.026936 1.027797 1.0293724 
7200 1.0151178 1.0131631 1.0115013 1.0119479 1.0193881 1.023417 1.0147407 
7205 1.0026338 1.0092232 0.99571508 0.99640388 1.0009087 0.9979067 1.0033739 
7210 0.99229229 0.98981767 0.99800916 0.98635984 0.999365 0.98907008 0.99728031 
7215 1.0007349 0.98881124 1.0025531 0.99584806 0.99603748 0.99219122 0.99924986 
7220 0.99298141 0.99958588 0.98856312 1.002732 1.0005851 0.99612876 0.99512505 
7225 0.99490104 1.0020528 1.000419 1.0039702 0.99574561 1.0038409 0.99674833 
7230 0.99186742 0.99520274 0.99906614 0.98866294 0.98409705 0.9877432 0.99213875 
7235 0.99263094 0.98487943 0.99105456 0.98358164 0.99308251 0.97989585 0.98388837 
7240 0.98564108 0.98568006 0.98873105 0.9942081 0.98314166 0.99252558 0.97615246 
7245 0.98743344 0.98386398 0.98664341 0.99704898 0.98382783 0.99969027 0.9941296 
7250 1.0042871 1.0022306 1.0002864 1.0074751 0.99914381 1.0061826 1.001313 
 
 
184 
7255 1.0071295 1.0124655 1.0135302 1.0077208 1.0129044 1.0009189 1.0105542 
7260 1.0158797 1.0212805 1.0160421 1.0182198 1.0066074 1.0133374 1.0179751 
7265 1.0138219 1.0072961 1.0185629 1.0160979 1.0157995 1.0157478 1.021211 
7270 1.0150309 1.0204528 1.0054167 1.0081027 1.0140492 1.0158242 1.0073906 
7275 1.0120185 1.0079587 1.0050255 1.0141944 1.0086441 1.0125775 1.0119918 
7280 1.0081681 0.99978271 1.0028199 1.0014641 1.0047945 1.0082263 1.0034051 
7285 0.9994176 1.0114022 0.99889973 1.0006171 1.0020435 0.99495229 1.0022978 
7290 0.99182317 0.99285327 0.99868997 1.0003164 1.0000865 0.98806541 0.99321634 
7295 0.98714554 0.98651955 0.98614246 0.98571941 0.99695476 0.99254081 0.98817144 
7300 0.98904396 0.98547793 0.99232837 0.97930865 0.98279356 0.98921724 0.98964632 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
185 
Table A9. XANES data from spots 8-13, which are ROIs in, and around, clast MHI10-56-1 
c1. Absorbance values are shown in arbitrary units. 
Energy (eV) Spot 8 Spot 9 Spot 10 Spot 11 Spot 12 Spot 13 
7050 2.50E-03 1.53E-03 4.27E-04 1.19E-03 2.91E-03 3.10E-03 
7055 5.15E-04 1.24E-04 4.38E-04 1.18E-03 1.04E-03 1.87E-05 
7060 -1.15E-03 -1.42E-03 -1.06E-03 -1.38E-03 -1.34E-03 -8.99E-04 
7065 -2.21E-03 -5.75E-04 1.82E-03 6.17E-04 -2.37E-03 -2.93E-03 
7070 -1.93E-03 6.83E-05 -1.24E-03 -9.93E-04 -1.95E-03 -3.45E-03 
7075 1.72E-04 -3.03E-04 -1.07E-03 -1.51E-03 -1.46E-03 -3.11E-04 
7080 -3.60E-05 -7.84E-04 2.09E-05 -1.68E-03 -8.36E-04 1.78E-03 
7085 1.66E-03 5.89E-04 -5.79E-04 8.69E-04 3.10E-03 5.88E-03 
7090 3.70E-04 3.27E-04 -7.78E-04 7.45E-04 1.58E-03 -1.33E-03 
7091 1.13E-04 4.44E-04 1.43E-03 1.46E-04 -6.69E-04 -1.86E-03 
7092 2.10E-03 9.77E-04 5.92E-04 -1.91E-03 3.21E-03 -2.36E-03 
7093 1.88E-03 1.42E-03 1.29E-03 -4.27E-04 5.93E-04 1.79E-03 
7094 7.47E-04 1.65E-03 -3.09E-04 2.59E-03 1.10E-03 3.80E-03 
7095 9.39E-04 2.84E-03 2.27E-03 5.53E-04 -1.43E-04 2.01E-03 
7096 2.32E-03 3.16E-03 1.27E-03 1.76E-03 2.27E-03 1.24E-03 
7097 4.66E-04 3.46E-03 2.74E-03 8.32E-04 -1.27E-04 2.07E-03 
7098 1.59E-03 4.34E-03 1.67E-03 3.35E-03 9.71E-04 5.11E-03 
7099 3.55E-03 2.90E-03 2.20E-03 1.64E-03 3.43E-03 9.75E-04 
7100 5.55E-03 3.27E-03 2.43E-03 3.67E-03 5.20E-03 1.90E-03 
7100.5 3.61E-03 4.50E-03 5.76E-03 2.35E-03 1.77E-03 6.07E-03 
7101 3.49E-03 3.63E-03 4.00E-03 4.10E-03 3.68E-03 4.08E-03 
7101.5 3.59E-03 5.19E-03 3.74E-03 2.90E-03 3.14E-03 5.00E-03 
7102 5.84E-03 7.24E-03 4.59E-03 3.90E-03 7.05E-03 8.52E-03 
7102.5 5.38E-03 5.87E-03 4.86E-03 3.83E-03 3.68E-03 5.33E-03 
7103 4.94E-03 4.38E-03 5.41E-03 3.15E-03 4.12E-03 9.04E-03 
7103.5 7.93E-03 4.71E-03 4.36E-03 2.85E-03 7.04E-03 8.36E-03 
7104 7.06E-03 6.31E-03 4.87E-03 6.02E-03 6.56E-03 7.08E-03 
7104.5 1.04E-02 7.79E-03 6.10E-03 6.87E-03 1.06E-02 1.56E-02 
7105 1.11E-02 8.17E-03 6.25E-03 5.74E-03 1.25E-02 1.48E-02 
7105.5 1.18E-02 7.27E-03 5.76E-03 7.71E-03 1.47E-02 1.62E-02 
7106 1.04E-02 1.16E-02 9.29E-03 7.13E-03 9.62E-03 1.30E-02 
7106.5 1.13E-02 1.04E-02 8.30E-03 8.09E-03 1.15E-02 1.48E-02 
7107 1.31E-02 1.15E-02 9.07E-03 1.03E-02 1.23E-02 1.73E-02 
7107.5 1.21E-02 1.21E-02 1.16E-02 1.25E-02 1.12E-02 1.71E-02 
 
 
186 
7108 1.51E-02 1.33E-02 1.21E-02 9.51E-03 1.38E-02 2.05E-02 
7108.5 1.84E-02 1.38E-02 1.15E-02 1.15E-02 1.71E-02 2.51E-02 
7109 1.86E-02 1.52E-02 1.41E-02 1.39E-02 1.87E-02 2.64E-02 
7109.5 2.03E-02 1.77E-02 1.65E-02 1.36E-02 2.02E-02 2.99E-02 
7110 2.39E-02 1.88E-02 1.66E-02 1.55E-02 2.27E-02 3.58E-02 
7110.5 2.79E-02 2.33E-02 2.25E-02 1.68E-02 2.61E-02 3.71E-02 
7111 3.54E-02 2.68E-02 2.51E-02 2.14E-02 3.39E-02 4.69E-02 
7111.5 4.63E-02 3.61E-02 3.25E-02 3.11E-02 4.33E-02 6.09E-02 
7112 6.58E-02 4.73E-02 4.18E-02 4.24E-02 6.50E-02 8.25E-02 
7112.5 7.44E-02 4.86E-02 4.74E-02 4.93E-02 7.48E-02 9.96E-02 
7113 7.74E-02 5.16E-02 5.31E-02 5.61E-02 7.66E-02 0.13936328 
7113.5 7.88E-02 5.40E-02 5.86E-02 5.25E-02 7.82E-02 0.18591688 
7114 7.99E-02 5.76E-02 6.23E-02 5.70E-02 7.84E-02 0.23350729 
7114.5 7.69E-02 5.89E-02 6.70E-02 5.99E-02 7.61E-02 0.23568643 
7115 7.48E-02 5.86E-02 6.41E-02 5.97E-02 7.39E-02 0.21407599 
7115.5 7.72E-02 6.24E-02 6.68E-02 6.00E-02 7.62E-02 0.19997747 
7116 8.47E-02 6.36E-02 6.58E-02 6.12E-02 8.29E-02 0.19079337 
7116.5 9.70E-02 7.37E-02 7.22E-02 7.18E-02 9.66E-02 0.19169458 
7117 0.12048414 8.83E-02 8.62E-02 8.24E-02 0.12052047 0.20044966 
7117.5 0.1555422 0.11066599 0.10896144 0.10499337 0.15625435 0.21888672 
7118 0.20750727 0.14384376 0.14008568 0.13820675 0.2055321 0.24194228 
7118.5 0.2721515 0.19422141 0.18459004 0.17628841 0.27383835 0.28751169 
7119 0.35479525 0.26104777 0.23894593 0.23371665 0.35595551 0.33253968 
7119.5 0.45676193 0.34098924 0.30739582 0.30104177 0.46132934 0.38664685 
7120 0.57597759 0.43461056 0.38920544 0.38631289 0.57413929 0.45019269 
7120.5 0.69845742 0.55279529 0.48013911 0.48252711 0.69781582 0.52911748 
7121 0.83399388 0.68810862 0.57427504 0.58225965 0.83135239 0.59893405 
7121.5 0.94234302 0.81461669 0.66910444 0.67304029 0.93989609 0.66384497 
7122 1.0130633 0.89270523 0.72647538 0.73282252 1.0056821 0.7254986 
7122.5 1.0330713 0.92569138 0.78185426 0.77996577 1.0272452 0.76584398 
7123 1.0507568 0.96210435 0.82229607 0.81393006 1.0404958 0.80990477 
7123.5 1.0761163 1.010969 0.87356845 0.89521037 1.060484 0.84427043 
7124 1.1218557 1.0877416 0.95534043 0.98492792 1.1062932 0.88569646 
7124.5 1.1673909 1.17951 1.0340529 1.089765 1.1544887 0.92325145 
7125 1.213117 1.268674 1.0972913 1.1871782 1.189801 0.95401349 
7125.5 1.2404661 1.3556558 1.1615902 1.272872 1.2220698 0.9822964 
7126 1.2562196 1.3920414 1.1964842 1.3058922 1.231236 1.0020854 
 
 
187 
7126.5 1.2567938 1.3830614 1.2200717 1.3215401 1.2283338 1.014426 
7127 1.2410026 1.3703366 1.2352082 1.3245659 1.21576 1.0223103 
7127.5 1.2197624 1.3402967 1.2387663 1.3284861 1.1849724 1.0405386 
7128 1.191945 1.319693 1.2455198 1.3303138 1.1597756 1.0586332 
7128.5 1.1737069 1.3169854 1.2592966 1.3448311 1.138225 1.0692641 
7129 1.1779226 1.3105166 1.2870381 1.3733289 1.1409137 1.0921503 
7129.5 1.1976465 1.3516394 1.3115027 1.3940476 1.1642365 1.0984301 
7130 1.2171172 1.3837647 1.3373134 1.4391415 1.1768468 1.1110272 
7130.5 1.2416196 1.4177871 1.3694606 1.4463775 1.2047128 1.1183877 
7131 1.2578261 1.4047059 1.3484817 1.4391605 1.2161625 1.1301957 
7131.5 1.2558022 1.3748689 1.3333905 1.4096608 1.2191525 1.1210614 
7132 1.2581439 1.3527519 1.3166065 1.381916 1.2207935 1.1167211 
7132.5 1.2325869 1.3034287 1.2775698 1.3280833 1.1874519 1.115033 
7133 1.1995069 1.2673686 1.2637092 1.2821731 1.1694961 1.1080075 
7133.5 1.1713608 1.2248661 1.2390657 1.2396631 1.1347337 1.0976414 
7134 1.1391335 1.1972388 1.2077593 1.2059195 1.0996598 1.0853354 
7134.5 1.1074834 1.1632567 1.1795124 1.1840386 1.0749903 1.0800525 
7135 1.0892764 1.1324931 1.1491239 1.1579981 1.0606772 1.111608 
7135.5 1.0641014 1.1261395 1.1425721 1.1392052 1.0333064 1.0699361 
7136 1.0589466 1.1019608 1.1151614 1.1232557 1.0277887 1.0684146 
7136.5 1.0456291 1.0853267 1.1078278 1.096979 1.0156119 1.0543594 
7137 1.0332976 1.0850316 1.0932193 1.0854252 1.007636 1.057018 
7137.5 1.0185324 1.0670432 1.0827718 1.0782589 1.0016492 1.0562309 
7138 1.0147276 1.0661341 1.0705566 1.073843 0.99059541 1.0548826 
7138.5 1.0124461 1.0653181 1.0663232 1.0597328 0.98310562 1.0524843 
7139 1.0091743 1.048048 1.0560388 1.0535536 0.9893343 1.0476201 
7139.5 1.0082962 1.0456858 1.0642949 1.0429195 0.98167334 1.0330279 
7140 1.0012051 1.0440968 1.0474497 1.0496408 0.97841858 1.0433606 
7140.5 0.99580157 1.0484019 1.0479891 1.0380112 0.97636893 1.0396494 
7141 0.99410187 1.0670228 1.0599437 1.0386914 0.97637346 1.0350241 
7141.5 0.99743386 1.069513 1.0510327 1.0588701 0.97763446 1.0286145 
7142 1.0062416 1.0808417 1.0631845 1.0488182 0.98432533 1.0297037 
7142.5 1.0124914 1.0813526 1.0594951 1.0669214 0.99187211 1.0288595 
7143 1.009486 1.0971554 1.0784593 1.0675679 0.99022987 1.0253346 
7143.5 1.0158735 1.0953251 1.0628515 1.059001 1.0030764 1.0266649 
7144 1.0177577 1.102569 1.0668039 1.0544839 0.99819201 1.0289926 
7144.5 1.0182252 1.0971529 1.0595926 1.0533839 1.0037668 1.0334903 
 
 
188 
7145 1.0158416 1.0917861 1.0513547 1.0617589 1.000156 1.0345532 
7145.5 1.0227086 1.0810351 1.042063 1.0380387 1.0134476 1.0321133 
7146 1.0178647 1.0753504 1.0422148 1.0373521 1.0061632 1.0338359 
7146.5 1.0159829 1.0597415 1.0391168 1.0210988 1.0036034 1.0350698 
7147 1.0146474 1.0407388 1.0303146 1.0132575 1.0057443 1.0283446 
7147.5 1.0084978 1.0356297 1.0177527 1.0003032 0.99982598 1.0231625 
7148 1.0019706 1.0154152 1.0080122 0.97837162 0.98875166 1.0187542 
7148.5 0.99464416 0.99341333 1.0026842 0.96578854 0.98432944 1.0189776 
7149 0.99030648 0.98538735 0.98858569 0.95749158 0.97941765 1.0071165 
7149.5 0.9860221 0.96288103 0.97681238 0.9459041 0.97514607 1.005514 
7150 0.97794952 0.9553211 0.96584814 0.928014 0.96322954 1.0100314 
7150.5 0.96823819 0.94168063 0.96361361 0.92936924 0.95763645 0.99310251 
7151 0.96330986 0.93357241 0.94756382 0.91927515 0.95666867 0.99195807 
7151.5 0.95464662 0.92497621 0.94888509 0.91181347 0.94566967 0.98973299 
7152 0.95014018 0.91454873 0.93354239 0.90867166 0.94569816 0.98589679 
7152.5 0.94533176 0.90806345 0.93066877 0.90992565 0.94643535 0.98080679 
7153 0.9485394 0.90649085 0.92860421 0.91127245 0.93772675 0.97388867 
7153.5 0.93971184 0.90784065 0.91874137 0.91234926 0.93617696 0.97524528 
7154 0.94398978 0.89633303 0.92834363 0.90603505 0.93995775 0.97757074 
7154.5 0.94419084 0.90478318 0.91812726 0.91225013 0.93555607 0.97342986 
7155 0.94143862 0.90308997 0.92082189 0.90780055 0.93298946 0.97828488 
7155.5 0.94061824 0.90917699 0.92169443 0.9056459 0.93675655 0.97548768 
7156 0.93827015 0.90411727 0.9283188 0.9133375 0.93322106 0.96449905 
7156.5 0.94162879 0.91169016 0.92424858 0.90930135 0.93556392 0.96999193 
7157 0.94188758 0.91606651 0.92557664 0.92270496 0.94049163 0.97072164 
7157.5 0.94777317 0.9142746 0.93788484 0.91801913 0.94346444 0.96568204 
7158 0.95117178 0.92560877 0.93996758 0.92400641 0.94459534 0.96708249 
7158.5 0.95445936 0.93010575 0.93344298 0.92920903 0.94805773 0.96071018 
7159 0.95589503 0.94488866 0.94651264 0.93310387 0.95634743 0.96013127 
7159.5 0.95555873 0.95292759 0.95209679 0.93152295 0.95313376 0.95426749 
7160 0.96503712 0.95944777 0.95027699 0.93626996 0.96356665 0.95840792 
7163 0.99610945 1.0193106 0.98009686 0.97040494 0.98934291 0.96419339 
7166 1.0213951 1.0636569 1.0174091 1.004329 1.014277 0.97261363 
7169 1.0375145 1.0796784 1.0349026 1.0436951 1.034548 0.98596582 
7172 1.0562363 1.0931943 1.0511656 1.0733752 1.0553018 1.0018169 
7175 1.0601384 1.1048624 1.0796257 1.0909563 1.0537439 1.0167473 
7178 1.054288 1.1014252 1.0890694 1.0873769 1.0445444 1.0242359 
 
 
189 
7181 1.0519993 1.104529 1.0742617 1.0685429 1.0461054 1.0311284 
7184 1.0534366 1.0976978 1.0752817 1.0755606 1.038717 1.0284331 
7187 1.0414753 1.0876372 1.0673408 1.0615443 1.0383504 1.0308977 
7190 1.0240826 1.0825221 1.0523222 1.0534593 1.0158022 1.0292479 
7195 1.0201733 1.0348967 1.0358851 1.0308581 1.0141323 1.0251554 
7200 1.0051926 1.0098607 1.0127988 1.017116 1.0058377 1.0174199 
7205 1.0062173 0.99654726 1.0119174 1.000809 1.0076667 0.99900059 
7210 0.9978581 0.9962173 1.0046588 0.99214617 0.99803338 0.99428995 
7215 0.999811 1.0006246 1.0030567 1.0033446 1.0010641 0.99856205 
7220 1.008532 1.0170449 0.99661392 1.0136486 1.0087715 1.0013239 
7225 1.0081534 1.0107221 1.0009473 0.99342671 1.0066701 1.0056574 
7230 0.99466481 0.99060438 0.98694417 0.98719376 0.99112426 0.9986276 
7235 0.98382309 0.98118925 0.9773875 0.98173704 0.98427438 1.000734 
7240 0.97775104 0.97681291 0.97478604 0.98453194 0.97415152 0.99281871 
7245 0.98491771 0.98542009 0.98912051 0.99629562 0.98668278 0.97700349 
7250 1.0053764 1.0100319 1.0035026 1.0007864 1.0098855 0.98461617 
7255 1.0083019 1.0114893 1.005266 1.0087111 1.0090851 0.99730329 
7260 1.0129682 1.0066908 1.011469 1.015615 1.0075248 1.0044513 
7265 1.0080375 1.0092942 1.0173661 1.0050706 1.0036706 1.0139315 
7270 0.9983949 0.99745017 1.0041653 1.0055959 1.0055578 1.0142602 
7275 0.99751886 0.99449391 0.99327601 0.99397153 1.0018337 1.013596 
7280 0.99104267 0.97696408 0.98709836 0.98956947 0.99021467 1.005045 
7285 0.98569007 0.974271 0.97323122 0.97699172 0.99014357 1.0014654 
7290 0.97666917 0.95880274 0.96767906 0.96313151 0.98382778 0.99738828 
7295 0.96958012 0.95562716 0.96367025 0.95701669 0.97388637 0.99715148 
7300 0.96610607 0.94175443 0.95887276 0.96017439 0.97415763 0.99331106 
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Table A10. Derivative XANES data for from spots 1-7, which are ROIs in, and around, clast 
MHI10-56-1 c1. Absorbance values are shown in arbitrary units. 
Energy (eV) Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 
7050 1.44E-04 -7.85E-04 -5.56E-05 4.60E-05 -4.85E-04 -1.68E-04 6.22E-05 
7055 -1.03E-04 -4.50E-04 -1.66E-05 -2.35E-04 -2.42E-04 -1.52E-04 -1.57E-04 
7060 -1.79E-04 2.31E-04 -4.11E-05 -2.19E-04 1.60E-04 8.49E-05 -2.78E-04 
7065 -7.21E-05 4.40E-04 -8.46E-06 8.65E-06 1.71E-04 1.89E-04 1.55E-04 
7070 3.50E-05 -1.96E-04 -1.16E-04 -2.87E-05 -2.09E-04 -3.13E-05 2.18E-04 
7075 1.53E-04 -2.11E-04 -1.17E-04 1.87E-04 8.06E-05 -3.32E-05 8.59E-05 
7080 4.56E-05 9.13E-05 -7.55E-06 1.38E-04 1.73E-04 -9.37E-05 -5.16E-05 
7085 3.93E-05 6.19E-05 1.76E-04 1.78E-05 -1.41E-04 -4.67E-05 -1.76E-04 
7090 -1.91E-05 3.30E-04 5.25E-04 -1.84E-05 -8.04E-05 1.40E-04 4.67E-05 
7091 -2.31E-04 1.67E-03 -2.52E-04 -4.99E-04 2.15E-03 5.90E-04 1.74E-03 
7092 6.86E-04 8.04E-04 -1.19E-03 -5.95E-04 8.99E-04 1.51E-03 -7.04E-05 
7093 1.35E-04 -6.46E-04 -6.29E-04 -7.77E-04 -1.40E-03 -9.18E-05 -1.31E-03 
7094 5.96E-04 4.69E-04 8.86E-04 4.75E-04 2.19E-04 1.54E-03 -6.00E-04 
7095 2.41E-04 -2.64E-04 1.24E-03 1.08E-03 -2.11E-04 -4.47E-04 3.25E-04 
7096 -6.18E-04 5.25E-05 4.19E-04 1.14E-03 -2.71E-04 -1.71E-03 7.31E-04 
7097 5.06E-04 1.36E-03 -4.34E-04 -5.95E-04 1.51E-03 7.15E-04 -3.62E-04 
7098 1.08E-04 -3.99E-04 -8.01E-04 -8.41E-04 2.46E-04 -5.61E-07 8.99E-04 
7099 5.11E-04 -7.07E-05 2.06E-03 5.98E-04 8.82E-05 1.20E-03 6.22E-04 
7100 1.05E-03 9.16E-05 2.14E-03 1.09E-03 9.78E-04 -2.30E-05 2.66E-04 
7100.5 1.24E-03 2.19E-03 -3.83E-03 1.26E-03 -2.07E-03 9.70E-04 -9.01E-04 
7101 -5.81E-04 8.39E-04 1.38E-03 -8.32E-04 -1.42E-03 2.18E-03 1.29E-03 
7101.5 -9.52E-04 -4.05E-04 2.70E-03 -5.95E-04 2.41E-03 -2.66E-03 5.12E-03 
7102 4.69E-04 2.25E-03 4.14E-04 4.23E-05 2.37E-03 -3.27E-04 4.84E-04 
7102.5 3.73E-04 1.04E-03 3.24E-04 3.72E-03 -5.59E-04 2.71E-03 -1.84E-03 
7103 1.31E-03 3.15E-03 -3.30E-03 2.77E-03 7.35E-04 1.52E-03 2.46E-04 
7103.5 2.48E-03 1.07E-03 1.46E-03 -2.08E-03 6.27E-04 2.04E-03 -2.18E-03 
7104 1.60E-03 -8.86E-04 3.85E-03 1.53E-03 -1.57E-04 3.84E-04 4.14E-04 
7104.5 -9.42E-04 -4.40E-04 1.35E-03 4.92E-03 8.66E-04 -9.99E-04 4.33E-03 
7105 -8.57E-04 1.99E-03 1.16E-03 -3.13E-04 2.39E-03 -2.50E-04 2.66E-04 
7105.5 2.51E-03 2.22E-03 2.67E-03 1.06E-04 1.92E-03 3.67E-03 -1.61E-03 
7106 1.92E-03 -1.04E-03 1.45E-03 5.34E-04 1.42E-03 2.25E-03 1.41E-03 
7106.5 -3.69E-04 2.08E-03 8.41E-04 -1.95E-03 2.79E-03 -7.59E-04 4.10E-03 
7107 1.84E-03 3.30E-03 3.58E-03 6.52E-04 -1.52E-05 4.94E-03 2.39E-03 
7107.5 1.88E-03 5.92E-04 2.17E-03 2.07E-03 2.70E-03 2.53E-03 1.84E-03 
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7108 2.18E-03 -9.45E-04 1.51E-05 5.57E-03 6.08E-03 -3.24E-03 3.07E-03 
7108.5 3.01E-03 -1.12E-04 1.52E-03 4.02E-03 3.11E-04 3.30E-03 8.20E-04 
7109 2.07E-03 4.88E-03 3.11E-03 1.77E-03 -2.09E-03 2.85E-03 2.72E-03 
7109.5 3.19E-03 3.28E-03 2.80E-03 2.54E-03 2.42E-03 1.94E-03 5.12E-03 
7110 4.35E-03 7.47E-03 4.12E-03 2.70E-03 6.42E-03 5.71E-03 4.29E-03 
7110.5 8.44E-03 9.31E-03 6.48E-03 8.49E-03 1.05E-02 1.00E-02 4.69E-03 
7111 1.31E-02 1.20E-02 9.99E-03 1.61E-02 1.35E-02 1.39E-02 1.05E-02 
7111.5 1.97E-02 2.52E-02 1.84E-02 2.17E-02 2.22E-02 1.70E-02 2.18E-02 
7112 2.57E-02 2.76E-02 2.95E-02 2.28E-02 2.71E-02 2.14E-02 2.64E-02 
7112.5 1.64E-02 1.96E-02 1.86E-02 1.49E-02 1.58E-02 1.22E-02 1.67E-02 
7113 5.40E-03 -1.80E-03 5.49E-03 7.23E-03 3.49E-03 5.32E-03 6.42E-03 
7113.5 3.67E-03 1.25E-03 9.68E-03 4.95E-03 2.46E-03 8.90E-03 4.79E-03 
7114 3.95E-03 1.00E-02 2.04E-03 3.87E-03 4.09E-03 6.54E-03 4.33E-03 
7114.5 -8.46E-04 -1.77E-03 -2.57E-03 -1.98E-03 -2.67E-03 -1.15E-03 -7.83E-04 
7115 -4.61E-03 -3.54E-03 -3.49E-03 8.80E-04 -3.78E-03 -3.90E-03 -4.25E-03 
7115.5 1.51E-03 1.46E-04 1.01E-03 7.28E-03 6.25E-03 1.72E-03 -1.05E-03 
7116 1.51E-02 1.50E-02 1.16E-02 1.35E-02 1.27E-02 1.48E-02 9.37E-03 
7116.5 2.50E-02 2.25E-02 1.96E-02 2.88E-02 2.31E-02 2.39E-02 2.46E-02 
7117 3.60E-02 3.77E-02 3.68E-02 4.05E-02 4.29E-02 3.48E-02 3.84E-02 
7117.5 5.88E-02 6.43E-02 6.24E-02 5.67E-02 6.18E-02 5.88E-02 5.64E-02 
7118 8.50E-02 9.11E-02 8.44E-02 8.45E-02 8.38E-02 7.68E-02 8.09E-02 
7118.5 1.09E-01 1.12E-01 1.04E-01 1.14E-01 1.14E-01 9.79E-02 1.10E-01 
7119 1.37E-01 1.40E-01 1.28E-01 1.37E-01 1.43E-01 1.31E-01 1.34E-01 
7119.5 1.60E-01 1.80E-01 1.56E-01 1.57E-01 1.63E-01 1.57E-01 1.51E-01 
7120 1.71E-01 1.77E-01 1.70E-01 1.80E-01 1.74E-01 1.66E-01 1.69E-01 
7120.5 1.68E-01 1.62E-01 1.70E-01 1.86E-01 1.62E-01 1.74E-01 1.70E-01 
7121 1.54E-01 1.44E-01 1.64E-01 1.67E-01 1.42E-01 1.70E-01 1.57E-01 
7121.5 1.36E-01 1.18E-01 1.30E-01 1.36E-01 1.30E-01 1.38E-01 1.34E-01 
7122 1.06E-01 1.11E-01 1.08E-01 1.11E-01 1.09E-01 1.18E-01 1.03E-01 
7122.5 9.97E-02 1.00E-01 1.02E-01 1.09E-01 1.10E-01 1.11E-01 1.04E-01 
7123 1.21E-01 1.11E-01 1.15E-01 1.12E-01 1.19E-01 1.13E-01 1.13E-01 
7123.5 1.37E-01 1.34E-01 1.42E-01 1.34E-01 1.24E-01 1.39E-01 1.31E-01 
7124 1.52E-01 1.46E-01 1.48E-01 1.60E-01 1.42E-01 1.63E-01 1.54E-01 
7124.5 1.53E-01 1.50E-01 1.46E-01 1.52E-01 1.48E-01 1.66E-01 1.39E-01 
7125 1.33E-01 1.20E-01 1.35E-01 1.29E-01 1.30E-01 1.49E-01 1.23E-01 
7125.5 1.05E-01 9.05E-02 1.05E-01 9.90E-02 1.05E-01 9.05E-02 1.05E-01 
7126 6.75E-02 7.77E-02 6.10E-02 4.54E-02 6.15E-02 3.48E-02 7.78E-02 
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7126.5 3.56E-02 5.00E-02 2.50E-02 3.47E-02 2.54E-02 4.00E-02 3.43E-02 
7127 1.91E-02 5.17E-03 2.95E-02 1.76E-02 3.05E-02 2.29E-02 7.62E-03 
7127.5 1.53E-02 -6.16E-04 1.95E-02 2.37E-03 1.60E-02 2.90E-03 2.50E-02 
7128 1.58E-02 2.48E-02 1.21E-02 1.23E-02 -6.65E-03 2.87E-02 1.77E-02 
7128.5 2.17E-02 1.16E-02 4.25E-02 1.49E-02 9.55E-03 3.24E-02 1.79E-02 
7129 2.59E-02 -4.17E-04 4.11E-02 2.68E-02 2.76E-02 2.05E-02 4.15E-02 
7129.5 2.72E-02 3.44E-02 2.17E-02 2.87E-02 2.92E-02 2.59E-02 3.39E-02 
7130 1.24E-02 2.99E-02 1.45E-02 1.92E-02 7.25E-03 1.13E-02 1.72E-02 
7130.5 -1.08E-02 -8.84E-03 5.11E-03 -1.10E-02 -2.83E-03 -6.37E-03 5.81E-03 
7131 -1.47E-02 -2.57E-02 -1.72E-02 -2.06E-02 -1.04E-02 -1.05E-02 -2.39E-02 
7131.5 -2.28E-02 -4.90E-02 -4.03E-02 -3.85E-02 -2.65E-02 -3.10E-02 -3.51E-02 
7132 -4.19E-02 -5.13E-02 -4.39E-02 -5.18E-02 -3.45E-02 -3.91E-02 -3.24E-02 
7132.5 -4.24E-02 -2.63E-02 -5.28E-02 -4.42E-02 -3.26E-02 -4.24E-02 -3.90E-02 
7133 -4.00E-02 -2.71E-02 -6.18E-02 -4.69E-02 -4.28E-02 -5.66E-02 -4.19E-02 
7133.5 -4.68E-02 -4.44E-02 -3.22E-02 -4.12E-02 -5.27E-02 -4.55E-02 -5.11E-02 
7134 -4.96E-02 -4.28E-02 -1.48E-02 -3.95E-02 -3.97E-02 -4.86E-02 -5.62E-02 
7134.5 -4.44E-02 -2.78E-02 -4.29E-02 -4.94E-02 -2.76E-02 -5.46E-02 -4.24E-02 
7135 -2.82E-02 -2.34E-02 -5.36E-02 -3.17E-02 -2.16E-02 -3.27E-02 -2.94E-02 
7135.5 -2.32E-02 -3.98E-02 -3.20E-02 -3.73E-02 -3.38E-02 -3.76E-02 -3.34E-02 
7136 -3.40E-02 -3.51E-02 -3.29E-02 -4.07E-02 -2.54E-02 -3.77E-02 -2.28E-02 
7136.5 -3.35E-02 -7.89E-03 -3.71E-02 -1.37E-02 -2.43E-02 -1.51E-02 -3.06E-02 
7137 -2.10E-02 -1.08E-02 -1.82E-02 -2.02E-02 -1.95E-02 -1.16E-02 -3.79E-02 
7137.5 -1.18E-02 -2.17E-02 -7.44E-03 -2.25E-02 -1.64E-02 -2.37E-02 -9.07E-03 
7138 -1.07E-02 -1.56E-02 -1.39E-02 -1.36E-02 -1.49E-02 -2.93E-02 -3.77E-03 
7138.5 -1.42E-02 -1.42E-02 -1.47E-02 -1.72E-02 -1.20E-02 -1.62E-02 -1.64E-02 
7139 -1.50E-02 -1.27E-02 -1.25E-02 -4.10E-03 -2.49E-02 -1.24E-03 -8.99E-03 
7139.5 -1.52E-02 -1.65E-02 -1.89E-02 -1.60E-02 -1.54E-02 -9.17E-03 -1.26E-02 
7140 -1.28E-02 -4.57E-03 -9.86E-03 -8.76E-03 -3.69E-05 -3.84E-03 -1.44E-02 
7140.5 -9.60E-03 -1.38E-02 -3.41E-03 -8.68E-04 3.69E-03 4.19E-03 -1.19E-02 
7141 -1.03E-02 -1.82E-02 -2.82E-03 -1.38E-02 -1.65E-02 -1.68E-02 -2.75E-03 
7141.5 -6.27E-03 -2.94E-03 -2.12E-04 -9.35E-03 -9.88E-03 -6.76E-03 6.66E-03 
7142 -4.79E-03 -6.00E-03 -1.02E-02 -5.86E-04 -1.13E-02 -2.58E-03 -8.86E-03 
7142.5 -1.28E-02 -9.89E-03 -5.54E-03 2.47E-03 -2.26E-02 -5.11E-03 -1.86E-03 
7143 -2.16E-03 -1.15E-02 -6.47E-04 -5.69E-03 -4.09E-03 -4.76E-03 -6.74E-03 
7143.5 -6.34E-04 -5.51E-03 -1.72E-03 -8.05E-03 -4.33E-03 -2.03E-02 -1.27E-02 
7144 -1.15E-02 -5.72E-03 -1.75E-02 -2.49E-03 -5.49E-03 -1.16E-02 -6.44E-03 
7144.5 -1.07E-02 -4.22E-03 -1.02E-02 -3.91E-03 -4.52E-03 -2.72E-03 -8.00E-03 
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7145 -5.53E-03 -1.55E-02 -1.26E-02 -1.56E-02 -4.65E-03 -2.56E-03 -6.84E-03 
7145.5 -1.41E-02 -2.69E-02 -1.75E-02 -2.16E-02 -1.74E-02 -6.64E-03 -1.20E-02 
7146 -2.37E-02 -1.78E-02 -7.05E-03 -2.07E-02 -2.04E-02 -2.11E-02 -1.19E-02 
7146.5 -1.53E-02 -7.00E-03 -1.68E-02 -1.44E-02 -2.31E-02 -1.65E-02 -1.69E-02 
7147 -1.85E-02 -1.37E-02 -1.59E-02 -2.44E-02 -2.11E-02 -1.73E-02 -2.29E-02 
7147.5 -2.51E-02 -2.82E-02 -2.09E-02 -1.88E-02 -1.26E-02 -2.57E-02 -1.80E-02 
7148 -1.80E-02 -2.34E-02 -2.39E-02 -2.00E-02 -1.20E-02 -1.73E-02 -1.92E-02 
7148.5 -1.46E-02 -6.95E-03 -1.63E-02 -2.00E-02 -1.73E-02 -2.66E-02 -2.52E-02 
7149 -1.29E-02 -1.87E-03 -1.25E-02 -4.77E-03 -2.09E-02 -1.94E-02 -2.13E-02 
7149.5 -2.00E-02 -2.49E-02 -2.22E-02 -1.57E-02 -1.27E-02 -1.56E-02 -1.88E-02 
7150 -2.18E-02 -2.29E-02 -2.33E-02 -2.38E-02 -2.53E-02 -1.85E-02 -1.17E-02 
7150.5 -7.78E-03 -4.29E-04 -1.79E-02 -1.26E-02 -5.20E-03 -7.57E-03 -1.27E-02 
7151 -1.43E-02 -1.92E-02 -1.22E-02 6.02E-03 -7.56E-03 -6.95E-03 -2.08E-02 
7151.5 -1.14E-02 -2.29E-02 -6.01E-03 -6.10E-03 -2.26E-02 -1.44E-02 -6.20E-03 
7152 1.40E-04 1.39E-03 1.53E-03 -2.23E-02 -1.30E-02 -2.27E-02 7.21E-04 
7152.5 -9.52E-03 5.29E-03 -2.89E-03 -1.16E-03 -1.57E-03 -5.59E-03 -9.31E-04 
7153 -6.93E-03 -5.99E-03 -1.96E-02 -5.98E-03 -3.96E-04 -4.70E-03 -5.69E-03 
7153.5 -1.90E-03 -7.70E-03 -6.37E-03 -3.22E-03 -3.27E-03 -4.18E-03 -5.58E-03 
7154 -4.89E-03 -3.68E-03 5.24E-03 4.80E-03 9.86E-03 -1.15E-03 -1.27E-02 
7154.5 -8.15E-04 1.37E-03 9.39E-03 -2.96E-03 -1.28E-03 -8.28E-03 -9.50E-03 
7155 2.14E-04 5.24E-03 4.42E-03 5.52E-04 -4.76E-03 1.08E-02 1.37E-02 
7155.5 1.79E-03 1.73E-05 -1.67E-02 1.41E-02 -8.27E-03 1.23E-02 3.67E-03 
7156 1.13E-03 -4.20E-03 -4.66E-04 3.80E-03 7.98E-03 6.91E-04 -8.77E-03 
7156.5 -4.17E-03 3.01E-03 -5.65E-04 -8.41E-03 -4.72E-04 -3.47E-03 5.13E-03 
7157 6.77E-03 1.30E-02 9.22E-04 -2.88E-03 -8.73E-03 1.24E-03 1.16E-02 
7157.5 1.12E-02 2.02E-03 1.53E-02 -2.49E-03 1.08E-02 4.86E-03 -2.40E-03 
7158 2.11E-03 -9.45E-03 2.06E-03 4.29E-03 5.18E-03 1.25E-02 3.22E-03 
7158.5 3.11E-03 1.21E-02 6.32E-03 8.12E-03 1.44E-02 3.59E-03 1.03E-02 
7159 1.18E-03 8.48E-03 7.12E-03 6.74E-03 1.13E-02 -6.98E-03 6.07E-03 
7159.5 3.64E-03 -6.50E-03 3.25E-03 4.40E-03 -3.01E-03 7.23E-03 3.59E-03 
7160 7.71E-03 1.06E-02 4.26E-03 9.65E-03 5.55E-03 1.02E-02 5.50E-03 
7163 8.47E-03 8.54E-03 5.72E-03 9.16E-03 7.04E-03 1.06E-02 7.89E-03 
7166 8.19E-03 6.26E-03 9.31E-03 9.38E-03 9.06E-03 1.31E-02 8.25E-03 
7169 8.31E-03 7.93E-03 1.07E-02 6.64E-03 9.69E-03 8.98E-03 7.27E-03 
7172 8.10E-03 9.18E-03 7.62E-03 4.28E-03 5.94E-03 3.12E-03 7.39E-03 
7175 2.95E-03 3.69E-03 3.96E-03 3.94E-03 3.44E-03 2.29E-03 5.28E-03 
7178 7.22E-04 -1.18E-03 1.64E-03 2.40E-03 7.52E-04 -2.38E-03 7.56E-04 
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7181 1.56E-04 1.06E-03 -1.15E-04 4.90E-04 4.65E-04 -2.41E-03 -2.59E-05 
7184 -1.45E-03 -1.53E-03 -7.68E-04 -8.35E-04 2.39E-04 -1.82E-05 3.35E-04 
7187 -2.80E-03 -2.05E-03 -2.85E-03 -3.69E-03 -5.19E-03 -1.44E-03 -2.69E-03 
7190 -3.31E-03 -2.68E-03 -3.94E-03 -4.76E-03 -3.40E-03 -2.43E-03 -3.62E-03 
7195 -2.70E-03 -3.96E-03 -3.77E-03 -3.13E-03 -1.28E-03 -2.24E-03 -3.19E-03 
7200 -2.81E-03 -2.32E-03 -3.62E-03 -3.23E-03 -3.04E-03 -3.43E-03 -3.09E-03 
7205 -2.72E-03 -2.83E-03 -1.78E-03 -2.96E-03 -2.44E-03 -3.88E-03 -2.23E-03 
7210 -6.31E-04 -2.54E-03 2.53E-04 -4.59E-04 -9.20E-04 -1.01E-03 -9.00E-04 
7215 -3.72E-04 4.80E-04 -1.38E-03 1.23E-03 -3.11E-04 2.65E-04 -7.04E-04 
7220 -1.02E-03 8.27E-04 -6.44E-04 4.08E-04 -4.62E-04 7.25E-04 -7.38E-04 
7225 -5.53E-04 -9.35E-04 6.19E-04 -1.81E-03 -2.08E-03 -1.28E-03 -7.87E-04 
7230 -6.68E-04 -2.21E-03 -1.37E-03 -2.44E-03 -6.99E-04 -2.83E-03 -1.77E-03 
7235 -1.06E-03 -1.45E-03 -1.46E-03 1.51E-04 -5.29E-04 3.79E-05 -2.09E-03 
7240 -9.61E-04 -5.99E-04 -8.72E-04 9.43E-04 -1.36E-03 1.54E-03 5.36E-04 
7245 1.42E-03 1.16E-03 7.25E-04 9.23E-04 1.17E-03 9.25E-04 2.03E-03 
7250 1.53E-03 2.36E-03 2.26E-03 6.63E-04 2.47E-03 -3.18E-04 1.15E-03 
7255 7.18E-04 1.41E-03 1.14E-03 6.71E-04 3.13E-04 2.75E-04 1.18E-03 
7260 2.28E-04 -1.01E-03 7.23E-05 4.34E-04 -1.44E-04 1.04E-03 5.78E-04 
7265 -5.26E-04 -5.80E-04 -1.49E-03 -1.42E-03 3.11E-04 -1.92E-04 -1.55E-03 
7270 -6.22E-04 -4.31E-04 -1.78E-03 -5.94E-04 -1.15E-03 -7.57E-04 -1.41E-03 
7275 -1.13E-03 -2.56E-03 -6.91E-04 -1.07E-03 -1.36E-03 -1.20E-03 -8.87E-04 
7280 -1.70E-03 -1.53E-04 -1.04E-03 -1.76E-03 -1.09E-03 -2.20E-03 -1.46E-03 
7285 -2.08E-03 -1.19E-03 -8.44E-04 -5.19E-04 -9.04E-04 -2.46E-03 -1.51E-03 
7290 -1.67E-03 -2.99E-03 -1.71E-03 -1.89E-03 -9.42E-04 -6.82E-04 -1.90E-03 
7295 -7.19E-04 -1.23E-03 -1.07E-03 -2.50E-03 -2.16E-03 -3.25E-04 -8.45E-04 
7300 -6.15E-05 -7.05E-04 8.06E-04 -1.69E-03 -3.27E-03 -1.11E-03 -1.93E-04 
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Table A11. Derivative XANES data for from spots 8-13, which are ROIs in, and around, 
clast MHI10-56-1 c1. Absorbance values are shown in arbitrary units. 
Energy (eV) Spot 8 Spot 9 Spot 10 Spot 11 Spot 12 Spot 13 
7050 -3.97E-04 -2.80E-04 2.34E-06 -2.98E-06 -3.75E-04 -6.17E-04 
7055 -3.65E-04 -2.94E-04 -1.49E-04 -2.57E-04 -4.25E-04 -4.00E-04 
7060 -2.72E-04 -6.98E-05 1.38E-04 -5.61E-05 -3.41E-04 -2.95E-04 
7065 -7.75E-05 1.48E-04 -1.81E-05 3.84E-05 -6.10E-05 -2.55E-04 
7070 2.38E-04 2.72E-05 -2.89E-04 -2.12E-04 9.07E-05 2.62E-04 
7075 1.89E-04 -8.52E-05 1.26E-04 -6.88E-05 1.12E-04 5.23E-04 
7080 1.49E-04 8.92E-05 4.92E-05 2.37E-04 4.57E-04 6.19E-04 
7085 4.06E-05 1.11E-04 -7.99E-05 2.43E-04 2.42E-04 -3.11E-04 
7090 -2.57E-04 -2.42E-05 3.35E-04 -1.21E-04 -6.29E-04 -1.29E-03 
7091 8.67E-04 3.25E-04 6.85E-04 -1.33E-03 8.11E-04 -5.17E-04 
7092 8.85E-04 4.87E-04 -6.97E-05 -2.86E-04 6.31E-04 1.83E-03 
7093 -6.78E-04 3.39E-04 -4.50E-04 2.25E-03 -1.05E-03 3.08E-03 
7094 -4.72E-04 7.11E-04 4.88E-04 4.90E-04 -3.68E-04 1.09E-04 
7095 7.85E-04 7.53E-04 7.90E-04 -4.17E-04 5.85E-04 -1.28E-03 
7096 -2.37E-04 3.08E-04 2.36E-04 1.40E-04 8.17E-06 3.13E-05 
7097 -3.63E-04 5.88E-04 1.99E-04 7.93E-04 -6.47E-04 1.93E-03 
7098 1.54E-03 -2.81E-04 -2.70E-04 4.05E-04 1.78E-03 -5.50E-04 
7099 1.98E-03 -5.33E-04 3.82E-04 1.61E-04 2.11E-03 -1.60E-03 
7100 3.66E-05 1.07E-03 2.37E-03 4.70E-04 -1.10E-03 3.39E-03 
7100.5 -2.07E-03 3.63E-04 1.56E-03 4.31E-04 -1.52E-03 2.18E-03 
7101 -1.67E-05 6.87E-04 -2.02E-03 5.49E-04 1.37E-03 -1.06E-03 
7101.5 2.35E-03 3.60E-03 5.97E-04 -2.02E-04 3.37E-03 4.44E-03 
7102 1.80E-03 6.81E-04 1.13E-03 9.37E-04 5.34E-04 3.32E-04 
7102.5 -9.00E-04 -2.86E-03 8.14E-04 -7.42E-04 -2.93E-03 5.24E-04 
7103 2.54E-03 -1.16E-03 -5.05E-04 -9.87E-04 3.37E-03 3.03E-03 
7103.5 2.11E-03 1.93E-03 -5.39E-04 2.86E-03 2.44E-03 -1.97E-03 
7104 2.50E-03 3.08E-03 1.74E-03 4.02E-03 3.58E-03 7.23E-03 
7104.5 4.00E-03 1.87E-03 1.39E-03 -2.78E-04 5.95E-03 7.73E-03 
7105 1.35E-03 -5.14E-04 -3.35E-04 8.36E-04 4.07E-03 6.01E-04 
7105.5 -6.30E-04 3.46E-03 3.04E-03 1.39E-03 -2.90E-03 -1.85E-03 
7106 -4.92E-04 3.12E-03 2.54E-03 3.80E-04 -3.19E-03 -1.39E-03 
7106.5 2.63E-03 -1.08E-04 -2.19E-04 3.19E-03 2.72E-03 4.38E-03 
7107 8.54E-04 1.74E-03 3.32E-03 4.38E-03 -2.61E-04 2.28E-03 
7107.5 2.07E-03 1.82E-03 3.00E-03 -8.10E-04 1.44E-03 3.19E-03 
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7108 6.27E-03 1.66E-03 -1.65E-04 -9.53E-04 5.90E-03 8.05E-03 
7108.5 3.51E-03 1.82E-03 2.00E-03 4.41E-03 4.93E-03 5.88E-03 
7109 1.89E-03 3.89E-03 5.06E-03 2.12E-03 3.10E-03 4.74E-03 
7109.5 5.22E-03 3.61E-03 2.56E-03 1.62E-03 4.01E-03 9.42E-03 
7110 7.56E-03 5.58E-03 5.95E-03 3.16E-03 5.86E-03 7.19E-03 
7110.5 1.16E-02 8.01E-03 8.47E-03 5.87E-03 1.12E-02 1.11E-02 
7111 1.85E-02 1.29E-02 1.00E-02 1.43E-02 1.72E-02 2.39E-02 
7111.5 3.04E-02 2.05E-02 1.67E-02 2.10E-02 3.11E-02 3.56E-02 
7112 2.81E-02 1.25E-02 1.49E-02 1.82E-02 3.15E-02 3.87E-02 
7112.5 1.16E-02 4.28E-03 1.14E-02 1.37E-02 1.16E-02 5.69E-02 
7113 4.39E-03 5.38E-03 1.13E-02 3.21E-03 3.42E-03 8.63E-02 
7113.5 2.47E-03 6.01E-03 9.16E-03 9.03E-04 1.82E-03 9.41E-02 
7114 -1.93E-03 4.94E-03 8.38E-03 7.37E-03 -2.15E-03 4.98E-02 
7114.5 -5.14E-03 9.99E-04 1.85E-03 2.66E-03 -4.51E-03 -1.94E-02 
7115 3.30E-04 3.52E-03 -2.53E-04 1.10E-04 8.18E-05 -3.57E-02 
7115.5 9.95E-03 5.02E-03 1.64E-03 1.57E-03 9.05E-03 -2.33E-02 
7116 1.98E-02 1.13E-02 5.49E-03 1.18E-02 2.04E-02 -8.28E-03 
7116.5 3.58E-02 2.46E-02 2.05E-02 2.12E-02 3.76E-02 9.66E-03 
7117 5.85E-02 3.70E-02 3.67E-02 3.32E-02 5.97E-02 2.72E-02 
7117.5 8.70E-02 5.56E-02 5.38E-02 5.58E-02 8.50E-02 4.15E-02 
7118 1.17E-01 8.36E-02 7.56E-02 7.13E-02 1.18E-01 6.86E-02 
7118.5 1.47E-01 1.17E-01 9.89E-02 9.55E-02 1.50E-01 9.06E-02 
7119 1.85E-01 1.47E-01 1.23E-01 1.25E-01 1.87E-01 9.91E-02 
7119.5 2.21E-01 1.74E-01 1.50E-01 1.53E-01 2.18E-01 1.18E-01 
7120 2.42E-01 2.12E-01 1.73E-01 1.81E-01 2.36E-01 1.42E-01 
7120.5 2.58E-01 2.53E-01 1.85E-01 1.96E-01 2.57E-01 1.48E-01 
7121 2.44E-01 2.62E-01 1.89E-01 1.91E-01 2.42E-01 1.34E-01 
7121.5 1.79E-01 2.05E-01 1.52E-01 1.51E-01 1.74E-01 1.26E-01 
7122 9.04E-02 1.11E-01 1.13E-01 1.07E-01 8.70E-02 1.01E-01 
7122.5 3.74E-02 6.94E-02 9.56E-02 8.11E-02 3.45E-02 8.38E-02 
7123 4.28E-02 8.53E-02 9.15E-02 1.15E-01 3.29E-02 7.79E-02 
7123.5 7.08E-02 1.26E-01 1.33E-01 1.71E-01 6.55E-02 7.52E-02 
7124 9.10E-02 1.69E-01 1.60E-01 1.95E-01 9.37E-02 7.84E-02 
7124.5 9.10E-02 1.81E-01 1.42E-01 2.02E-01 8.32E-02 6.78E-02 
7125 7.28E-02 1.76E-01 1.27E-01 1.83E-01 6.72E-02 5.85E-02 
7125.5 4.28E-02 1.23E-01 9.90E-02 1.19E-01 4.11E-02 4.75E-02 
7126 1.60E-02 2.74E-02 5.83E-02 4.85E-02 5.92E-03 3.16E-02 
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7126.5 -1.55E-02 -2.17E-02 3.85E-02 1.85E-02 -1.58E-02 1.97E-02 
7127 -3.73E-02 -4.28E-02 1.85E-02 6.78E-03 -4.37E-02 2.56E-02 
7127.5 -4.93E-02 -5.06E-02 1.01E-02 5.58E-03 -5.63E-02 3.58E-02 
7128 -4.63E-02 -2.33E-02 2.03E-02 1.62E-02 -4.71E-02 2.82E-02 
7128.5 -1.43E-02 -9.17E-03 4.13E-02 4.28E-02 -1.92E-02 3.30E-02 
7129 2.37E-02 3.47E-02 5.20E-02 4.90E-02 2.57E-02 2.86E-02 
7129.5 3.89E-02 7.33E-02 5.01E-02 6.56E-02 3.56E-02 1.83E-02 
7130 4.37E-02 6.62E-02 5.78E-02 5.22E-02 4.01E-02 1.94E-02 
7130.5 4.04E-02 2.10E-02 1.10E-02 -1.51E-04 3.90E-02 1.86E-02 
7131 1.39E-02 -4.29E-02 -3.63E-02 -3.69E-02 1.41E-02 2.11E-03 
7131.5 3.22E-05 -5.19E-02 -3.21E-02 -5.74E-02 4.29E-03 -1.40E-02 
7132 -2.35E-02 -7.14E-02 -5.60E-02 -8.17E-02 -3.20E-02 -6.59E-03 
7132.5 -5.89E-02 -8.54E-02 -5.31E-02 -9.99E-02 -5.16E-02 -9.27E-03 
7133 -6.15E-02 -7.86E-02 -3.87E-02 -8.86E-02 -5.31E-02 -1.80E-02 
7133.5 -6.07E-02 -7.01E-02 -5.61E-02 -7.64E-02 -7.02E-02 -2.32E-02 
7134 -6.42E-02 -6.16E-02 -5.97E-02 -5.58E-02 -6.01E-02 -1.81E-02 
7134.5 -5.01E-02 -6.47E-02 -5.88E-02 -4.81E-02 -3.93E-02 2.57E-02 
7135 -4.37E-02 -3.71E-02 -3.71E-02 -4.50E-02 -4.20E-02 -1.07E-02 
7135.5 -3.06E-02 -3.05E-02 -3.42E-02 -3.49E-02 -3.32E-02 -4.38E-02 
7136 -1.88E-02 -4.08E-02 -3.49E-02 -4.24E-02 -1.80E-02 -1.61E-02 
7136.5 -2.59E-02 -1.69E-02 -2.21E-02 -3.80E-02 -2.05E-02 -1.20E-02 
7137 -2.74E-02 -1.83E-02 -2.53E-02 -1.89E-02 -1.43E-02 1.31E-03 
7137.5 -1.89E-02 -1.89E-02 -2.29E-02 -1.18E-02 -1.74E-02 -2.70E-03 
7138 -6.37E-03 -1.71E-03 -1.66E-02 -1.87E-02 -1.89E-02 -4.31E-03 
7138.5 -5.84E-03 -1.81E-02 -1.47E-02 -2.05E-02 -1.60E-03 -7.82E-03 
7139 -4.44E-03 -1.96E-02 -2.22E-03 -1.70E-02 -1.77E-03 -2.00E-02 
7139.5 -8.25E-03 -3.94E-03 -8.79E-03 -4.08E-03 -1.13E-02 -4.82E-03 
7140 -1.28E-02 2.73E-03 -1.65E-02 -5.08E-03 -5.65E-03 6.06E-03 
7140.5 -7.39E-03 2.29E-02 1.23E-02 -1.11E-02 -2.39E-03 -8.90E-03 
7141 1.35E-03 2.11E-02 2.85E-03 2.07E-02 9.24E-04 -1.16E-02 
7141.5 1.19E-02 1.38E-02 3.04E-03 9.96E-03 7.61E-03 -5.88E-03 
7142 1.48E-02 1.18E-02 8.27E-03 7.88E-03 1.39E-02 -3.15E-04 
7142.5 2.96E-03 1.63E-02 1.51E-02 1.86E-02 5.56E-03 -4.93E-03 
7143 3.10E-03 1.40E-02 3.16E-03 -8.09E-03 1.09E-02 -2.75E-03 
7143.5 7.99E-03 5.42E-03 -1.19E-02 -1.33E-02 7.62E-03 3.10E-03 
7144 2.07E-03 1.84E-03 -3.46E-03 -5.79E-03 3.49E-04 6.27E-03 
7144.5 -2.20E-03 -1.08E-02 -1.56E-02 7.10E-03 1.62E-03 5.00E-03 
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7145 4.20E-03 -1.61E-02 -1.77E-02 -1.55E-02 9.34E-03 -1.94E-03 
7145.5 1.74E-03 -1.64E-02 -9.34E-03 -2.46E-02 5.67E-03 -1.28E-03 
7146 -7.01E-03 -2.13E-02 -3.14E-03 -1.71E-02 -1.02E-02 2.40E-03 
7146.5 -3.50E-03 -3.46E-02 -1.21E-02 -2.43E-02 -7.60E-04 -6.05E-03 
7147 -7.77E-03 -2.41E-02 -2.16E-02 -2.10E-02 -4.12E-03 -1.25E-02 
7147.5 -1.30E-02 -2.53E-02 -2.25E-02 -3.51E-02 -1.73E-02 -1.02E-02 
7148 -1.41E-02 -4.22E-02 -1.53E-02 -3.47E-02 -1.58E-02 -4.75E-03 
7148.5 -1.19E-02 -3.00E-02 -1.96E-02 -2.11E-02 -9.68E-03 -1.22E-02 
7149 -8.91E-03 -3.05E-02 -2.61E-02 -2.01E-02 -9.52E-03 -1.40E-02 
7149.5 -1.26E-02 -3.01E-02 -2.29E-02 -2.96E-02 -1.65E-02 2.35E-03 
7150 -1.81E-02 -2.12E-02 -1.34E-02 -1.67E-02 -1.79E-02 -1.30E-02 
7150.5 -1.49E-02 -2.17E-02 -1.85E-02 -8.91E-03 -6.90E-03 -1.86E-02 
7151 -1.39E-02 -1.67E-02 -1.49E-02 -1.77E-02 -1.23E-02 -3.93E-03 
7151.5 -1.35E-02 -1.90E-02 -1.42E-02 -1.08E-02 -1.13E-02 -6.62E-03 
7152 -9.60E-03 -1.69E-02 -1.84E-02 -2.06E-03 4.24E-04 -9.49E-03 
7152.5 -1.89E-03 -8.05E-03 -5.13E-03 2.43E-03 -8.31E-03 -1.26E-02 
7153 -5.91E-03 -2.12E-04 -1.21E-02 2.25E-03 -1.06E-02 -6.12E-03 
7153.5 -4.84E-03 -1.01E-02 -4.57E-04 -5.41E-03 1.89E-03 3.12E-03 
7154 4.19E-03 -3.05E-03 -8.11E-04 -2.70E-04 -9.62E-04 -2.38E-03 
7154.5 -2.84E-03 6.77E-03 -7.72E-03 1.60E-03 -7.31E-03 1.54E-04 
7155 -3.86E-03 4.40E-03 3.37E-03 -6.77E-03 8.59E-04 1.50E-03 
7155.5 -3.45E-03 1.04E-03 7.30E-03 5.37E-03 -1.10E-04 -1.43E-02 
7156 7.25E-04 2.52E-03 2.36E-03 3.48E-03 -1.53E-03 -6.06E-03 
7156.5 3.33E-03 1.20E-02 -2.94E-03 9.20E-03 6.93E-03 5.66E-03 
7157 5.86E-03 2.59E-03 1.34E-02 8.55E-03 7.56E-03 -4.87E-03 
7157.5 9.00E-03 9.55E-03 1.42E-02 1.13E-03 3.76E-03 -4.20E-03 
7158 6.40E-03 1.58E-02 -4.64E-03 1.10E-02 4.25E-03 -5.53E-03 
7158.5 4.44E-03 1.93E-02 6.35E-03 8.93E-03 1.14E-02 -7.51E-03 
7159 8.14E-04 2.28E-02 1.85E-02 2.14E-03 4.73E-03 -7.00E-03 
7159.5 8.86E-03 1.46E-02 3.57E-03 3.00E-03 6.88E-03 -2.28E-03 
7160 1.13E-02 1.90E-02 7.80E-03 1.09E-02 1.00E-02 2.28E-03 
7163 9.11E-03 1.74E-02 1.10E-02 1.12E-02 8.11E-03 1.81E-03 
7166 6.62E-03 1.01E-02 8.94E-03 1.20E-02 7.19E-03 3.07E-03 
7169 5.52E-03 4.93E-03 5.43E-03 1.13E-02 6.50E-03 4.31E-03 
7172 3.49E-03 4.21E-03 7.26E-03 7.71E-03 2.86E-03 4.57E-03 
7175 -6.10E-04 1.38E-03 6.12E-03 2.16E-03 -2.13E-03 3.18E-03 
7178 -1.64E-03 -4.52E-05 -1.09E-03 -3.91E-03 -1.61E-03 1.84E-03 
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7181 -4.27E-04 -6.11E-04 -2.49E-03 -2.14E-03 -1.31E-03 1.39E-04 
7184 -2.04E-03 -2.80E-03 -1.35E-03 -1.34E-03 -1.63E-03 -5.99E-04 
7187 -5.18E-03 -2.52E-03 -4.02E-03 -3.85E-03 -4.16E-03 -4.24E-04 
7190 -2.95E-03 -6.58E-03 -4.13E-03 -4.01E-03 -3.37E-03 -1.28E-03 
7195 -2.17E-03 -7.26E-03 -4.15E-03 -3.80E-03 -1.34E-03 -1.74E-03 
7200 -1.68E-03 -3.82E-03 -2.59E-03 -3.18E-03 -9.88E-04 -3.18E-03 
7205 -1.02E-03 -1.35E-03 -1.01E-03 -2.67E-03 -1.12E-03 -2.87E-03 
7210 -9.26E-04 4.18E-04 -1.08E-03 8.31E-05 -1.00E-03 -6.04E-04 
7215 7.82E-04 2.09E-03 -1.00E-03 1.98E-03 7.32E-04 1.43E-04 
7220 5.49E-04 1.02E-03 -4.08E-04 -1.16E-03 2.19E-04 1.49E-04 
7225 -1.67E-03 -2.63E-03 -1.16E-03 -2.82E-03 -2.11E-03 -8.30E-04 
7230 -2.72E-03 -2.94E-03 -2.55E-03 -1.34E-03 -2.58E-03 -1.05E-03 
7235 -1.98E-03 -1.37E-03 -1.41E-03 -4.37E-04 -2.04E-03 -1.14E-03 
7240 -1.76E-04 4.33E-04 9.77E-04 1.29E-03 -1.01E-04 -2.93E-03 
7245 2.48E-03 3.33E-03 2.67E-03 1.45E-03 3.23E-03 -1.38E-03 
7250 2.05E-03 2.62E-03 1.42E-03 1.07E-03 1.90E-03 1.47E-03 
7255 4.74E-04 -3.24E-04 6.00E-04 1.31E-03 -5.78E-04 1.42E-03 
7260 -3.12E-04 -2.09E-04 1.01E-03 -5.35E-04 -8.83E-04 1.10E-03 
7265 -1.74E-03 -9.14E-04 -9.27E-04 -1.17E-03 -5.38E-04 4.21E-04 
7270 -1.34E-03 -1.47E-03 -2.61E-03 -1.28E-03 -5.25E-04 -5.94E-04 
7275 -1.02E-03 -2.04E-03 -1.90E-03 -1.77E-03 -1.88E-03 -1.48E-03 
7280 -1.47E-03 -2.01E-03 -2.20E-03 -1.87E-03 -1.51E-03 -1.77E-03 
7285 -1.72E-03 -1.81E-03 -2.14E-03 -2.81E-03 -9.80E-04 -1.33E-03 
7290 -1.90E-03 -1.85E-03 -1.15E-03 -2.17E-03 -1.97E-03 -9.91E-04 
7295 -1.34E-03 -1.69E-03 -1.08E-03 -4.66E-04 -1.31E-03 -9.68E-04 
7300 -9.80E-04 -2.76E-03 -1.16E-03 4.61E-04 -2.87E-04 -1.33E-03 
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Appendix 2 
Full experimental details used to collect the synchrotron based data presented in Chapter 5 
are presented below. 
Micro X-ray Fluorescence (µXRF) Microscopy 
µXRF microscopy data was collected at the F3 bending magnet beamline of the 
Cornell High Energy Synchrotron Source (CHESS), located at Cornell University, Ithaca, 
NY. CHESS is a 5.3 GeV third-generation synchrotron light source that operates in top-up 
mode (positrons) at a ring current of 200 mA. A silicon (111) double crystal monochromator 
(DCM) with an energy resolution (∆𝐸 𝐸) of ~1.4x10-4 was used to select an incident x-ray 
beam energy of 16.5 keV. The x-ray beam was focused to a spot size (diameter) of ~20µm, 
using a custom made (CHESS) single bounce monocapillary optic. A 384-element Maia 
detector, placed in a backscattering geometry ~1.5 mm from the sample surface, was used to 
measure x-ray fluorescence from the sample. The incident photon flux on the sample was 
measured using a diamond monitor placed between the monocapillary optic and the sample 
surface (upstream of the Maia detector). To obtain quantitative results XRF data was 
measured from thin reference films of titanium and gold with a known areal densities of 21.2 
µg/cm2 and 19.2 µg/cm2 respectively, and this data was used for primary flux correction in 
GeoPIXE. 
High-resolution XRF maps were produced from the following thin section samples: 
MHI10-39-1 (1 clast), MHI10-56-1 (2 clasts), MHI10-56-2 (3 clasts), MHI10-58-1 (5 clasts), 
MHI10-60-1 (1 clast) (Figure A1). Using a dwell time of 10ms/pixel, giving a count rate of 
~300 kcps, it took ~2 hrs to map the entire 26.5 x 36 mm2 (~6 x 105 pixels with a 20µm x-ray 
beam) area of each thin section. Within each of the samples mapped using µXRF, areas were 
selected that would be representative of the composition of the breccia as well as the clast(s). 
µXRF microscopy data was also collected from smaller areas in samples MHI10-56 
and MHI10-58 using a higher resolution x-ray beam (~5um) to examine the characteristics of 
specific glass clasts in detail. Representative areas of MHI10-22 and MHI10-65 were also 
mapped at this resolution to obtain average compositions of the two main target rocks, quartz 
monzonite and anorthosite. This was carried out at the 20ID undulator beamline of the 
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Advanced Photon Source (APS), located at Argonne National Laboratory, Argonne, IL. The 
APS is a 7.0 GeV third generation synchrotron light source that typically operates in top-up 
mode at a ring current of 102 mA. A silicon (111) double crystal monochromator (DCM) 
with an energy resolution (∆𝐸 𝐸) of ~1.4x10-4 was used to select the incident x-ray beam 
energy of 11.8 keV. The x-ray beam was focused to a spot size (diameter) of ~5µm using a 
set of KB mirrors. The Rh-coated KB mirrors were set at an angle of 4 mrad for higher-order 
(e.g., Si(333) reflections) harmonic rejection to give a high energy cutoff of ~16.75 keV. A 
4-element Si Vortex detector, placed in a 90-degree geometry to the incident x-ray beam 
~120 mm (~40 mm for MHI10-22) from the sample surface, was used to measure x-ray 
fluorescence from the sample. The sample was placed in a 45-degree geometry to the 
incident x-ray beam. The incident photon flux on the sample was measured using a diamond 
monitor placed between the KB mirrors and the sample surface. To obtain quantitative results 
XRF data was measured from a NIST-1834 reference standard, and this data was used for 
primary flux correction in GeoPIXE. 
 
 
Figure A1. µXRF iron concentration maps of the five thin sections mapped for this study. a) 
MHI10-39. b) MHI10-56-1. c) MHI10-56-2. d) MHI10-58-1. e) MHI10-60. From these data 
sets smaller areas can be selected and further examined. 
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X-ray Absorption Near Edge Structure (XANES)  
Iron K-edge XANES maps were collected at the F3 beamline of CHESS. A silicon 
(220) double crystal monochromator (DCM), with an energy resolution (∆𝐸 𝐸) of ~0.6x10-4 
was used to scan the incident x-ray energy across the iron K-edge (7.112 keV for Fe0). An 
iron reference foil was used for energy calibration. The second crystal of the DCM was 
detuned ~50% for rejection of higher order harmonics. The incident x-ray beam was focused 
to ~40µm spot using a custom made (CHESS) single bounce monocapillary optic. A 384-
element Maia detector, placed in a backscattering geometry ~1.5 mm from the sample 
surface, was used to measure x-ray fluorescence from the sample. High-res iron XANES 
maps were produced for clast MHI10-56-2 c1 and clast MHI10-56-1 c1. The XANES maps 
bounded the entire clasts and included some of the surrounding breccia material. To produce 
each XANES map, a µXRF map was taken at each energy point of a XANES scan measured 
across the iron K-edge from 7.05 keV to 7.3 keV resulting in a total of 171 energy steps, and 
thus 171 µXRF maps (Figure A2) (Tables A6-A11). The resultant µXRF maps were then 
combined into a XANES image stack.  Using an integration time of 15ms/pixel, giving a 
count rate of 160 kcps, it took ~8 hrs to produce the XANES image stack on the entire 3.6 x 
5.5mm2 area (~2.1 x 106 pixels for the entire stack with a 40 µm spatial resolution) bounding 
clast C1 of sample MHI10-56-2. 
 
 
Figure A2. Shows the process involved in producing each XANES map. In this case a µXRF 
map is taken at each energy point from 7.05 keV to 7.3 keV and the resultant µXRF maps are 
then combined into a XANES image stack. This figure shows several of the maps collected at 
different x-ray energies, which were used to produce the resultant XANES image stack for 
clast MHI10-56-2-c1.   
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